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ABSTRACT 
EVALUATION OF HYDROGEU AS A CRYOGENIC WIND TUNNEL TEST GAS 
Richard Carl Haut II 
Old Dominion University, 1977 
Committee Chairman: Dr. John M. Kuhlman 
A theoretical analysis of the properties of hydrogen has been 
made to determine the suitability of hydrogen as a cryogenic wind 
tunnel test gas. By using C!"'Jogenic hydrogen, instead of air or 
cryogenic nitrogen, as the wind tunnel test gas, a significant 
increase in the test Reynolds number may be achieved without increasing 
the aerodynamic loads. Under sonic conditions, for example, compared 
to air at ambient temperature, cryogenic hydrogen at a pressure of one 
atmosphere produces an increase in Reynolds number of a factor of 
approximately fourteen while cryogenic nitrogen, at the same pressure, 
produces an increase of only a factor of about six. 
The theoretical saturation boundary for parahydrogen is well 
defined. Thus, any possible effects caused by the liquefaction of the 
test gas can easily be avoided by knowing the maximum local Mach 
number on the model. 
The nondimensional ratios used to describe various flow situations 
in hydrogen were determined and compared with the corresponding ideal 
diatomic gas ratios. The results were used to examine different 
inviscid flow configurations. This investigation concluded that the 
relatively high value of the characteristic rotational temperature 
causes the behavior of hydrogen, under cryogenic conditions, to 
deviate substantially from the behavior of an ideal diatomic gas in the 
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compressible flow regime. Therefore, if an ideal diatomic gas, is to 
be modeled, cryogenic hydrogen is unacceptable as a wind tunnel test 
gas in a compressible flow situation. 
However, at low Mach numbers where the assumption of incompressi-
bility is valid, the deviations in the isentropic flow parameters for 
cryogenic parahydrogen from the corresponding flow parameters for an 
ideal diatomic gas are negligible. Thus, in the incompressible flow 
regime, cryogenic hydrogen is an acceptable test gas. 
Hydrogen properties and fan drive-power requirements related to a 
hydrogen wind tunnel were also examined. The drive power requirements 
were found to decrease with decreasing temperature and may be adequately 
predicted by using modified versions of the ideal gas equations. Since 
gaseous hydrogen is capable of penetrating and degrading the mechanical 
characteristics of numerous materials, materials known to be compatible 
with hydrogen must be used exclusively in the design of a hydrogen 
wind tunnel to avoid problems as a result of exposure to gaseous 
hydrogen. 
A literature survey resulted in the conclusion that although 
hydrogen is a highly combustable substance, safety codes exist which, 
when followed, minimize the risk involved in handling hydrogen. 
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UiTRODUCTIOU 
The wind tunnel has been the primary tool for experimental aero-
dynamic research and development for many decades. Because of the 
increase in size and speed of proposed aircraft configurations, a need 
has developed over the years for improved ground testing capabilities 
in terms of Reynolds number. The need has been well documented, for 
example, in references land 2. Programs aimed at the development of 
efficient transport aircraft and maneuvering fighter aircraft to operate 
at tra.nsonic speeds have demonstrated soma of the deficiencies in the 
testing capabilities of present day wind tunnels, especially with 
respect to adequate Reynolds number simulation. In the transonic 
region, one of the major problems is the inability to adequately 
determine the effect of Reynolds number on the boundary layer - shock 
wave interactions, and in turn, on the performance, stability, and 
trim characteristics of the aircraft. 
The test Reynolds number at a given Mach number may be increased 
by using a heavy gas rather than air as the test gas, by increasing 
the size of the model and tunnel, by increasing the operating pressure 
of the tunnel, and by reducing the test temperature. The dynamic 
pressure, mass flow rate, and power consumption of the tunnel will, in 
general, be affected by the method chosen to increase the Reynolds 
number. 
The use of a heavy gas, such as Freon-12, is a well-known method 
of achieving high Reynolds numbers. However, when compressibility 
effects become significant, the difference between the ratios of 
specific heats between the heavy gas and air leads to an improper flow 
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simulation, thus making the use of a heav,J gas unsuitable for tests at 
transonic speeds. 
The more common approaches of increasing the size and increasing 
the stagnation pressure in order to increase the Reynolds number involve 
serious problems concerning the cost of construction and operation, the 
model and support loads, and the difficulty of providing continuous-
flow capability due to the large power requirements. 
The fourth method of increasing the test Reynolds number, reducing 
the test temperature, offers an attractive solution to many of the 
preceding problems. However, as the test temperature is reduced the 
properties of the test gas may begin to deviate significantly from 
the properties of air, which, for all practical purposes under the 
conditions encountered in flight, behaves like an ideal diatomic gas. 
The real gas effects may become appreciable at cryogenic temperatures 
and may alter the aerodynamic test results. Therefore, an analysis 
must be performed to determine if a particular gas at cryogenic 
temperatures and anticipated operating pressures is acceptable for 
wind tunnel research. 
A cryogenic wind tunnel concept has evolved at the NASA Langley 
Research Center in which liquid nitrogen is sprayed directly into the 
tunnel circuit to cool the tunnel structure, remove the heat input 
from the drive fan, and balance the heat conducted into the stream 
through the tunnel walls. Nitrogen is the resulting test gas using 
this cooling procedure. Throughout the development of the concept, 
experimental and theoretical studies have been performed to assess the 
suitability of cryogenic nitrogen as a test gas. By analyzing real 
gas isentropic and normal shock solutions, and by measuring the surface 
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pressures on an airfoil, Adcock, Kilgore, and Ray, in reference 3, 
concluded that the real gas effects of nitrogen at cryogenic tempera-
tures pose no problem in its application in a cryogenic transonic wind 
tunnel operating at stagnation pressures up to five atmospheres. 
Nitrogen is, of course, not the only gas that may be considered for 
use at cryogenic temperatures. In theory, any diatomic gas will do. 
One of the most promising diatomic gases in addition to nitrogen is 
hydrogen. Because of the lower vapor temperature, even higher test 
Reynolds numbers may be obtained by using cryogenic hydrogen rather 
than nitrogen. For example, at a pressure of one atmosphere, when 
compared to ambient air, cryogenic nitrogen and hydrogen, produce 
increases in Reynolds number by factors of approximately six and four-
teen respectively for sonic flows. Alternatively, in a given size 
wind tunnel, it is possible to achieve a desired test Reynolds number 
at a lower total. pressure by using hydrogen instead of nitrogen, 
thereby reducing the model, sting, and balance loads. 
This thesis contains a theoretical. analysis of those properties 
of hydrogen needed to determine if, 'in fact, it is suitable for use as 
a wind tunnel test gas. The thesis is divided as follows: In Chapter 
I, some of the fundamental properties essential to understand hydrogen 
are presented. In Chapters II, III, and IV some of the nondimensional 
ratios used to describe various flow situations in hydrogen are 
determined and compared with the corresponding ideal diatomic gas 
ratios. Chapters V and VI present inviscid flow examples to illustrate 
the deviations studied in Chapters II through IV. Hydrogen properties 
and fan drive-power requirements related to a hydrogen wind tunnel are 
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presented in Chapter VII. FinaJ.ly, recoIIII!lendations are made concerning 
the use of hydrogen as a possible wind tunnel test gas. 




PROPERTIES OF GASEOUS HYDROGEN 
Hydrogen is a homonuclear diatomic molecule having a relatively 
high characteristic rotational temperature. Because of its molecular 
composition hydrogen demonstrates various anomalies in its properties 
affecting its suitability as a wind tunnel test gas. The purpose 
of this chapter is to introduce the reader to the major peculiarities. 
I.2. Ortho- 2 Para- 2 Nomal- 2 and Equilibrium Hydrogen. 
Hydrogen consists of a mixture of two different types of molecules 
having different optical and thermal properties. These two distinct 
forms of hydrogen are known as parahydrogen (p-H2 ) and orthohydrogen 
(o-H2 ). The parahydrogen molecules have antiparallel nuclear spins 
and even rotational quantum. numbers, while the orthohydrogen molecules 
possess parallel nuclear spins and odd rotational quantum numbers. 
Figure 1 illustrates the difference between ortho- and parahydrogen. 
The themodynamical equilibrium. between ortho- and parahydrogen 
is governed by Boltzmann's distribution law as presented in reference 
4. According to this law the fraction of the molecules, N., of the 
J 
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pj = statistical weight of the state j 
E. = statistical 
J 
energy of the state j 
kB = Bel tzmann' s constant 
T = temperature 
and where Nt may be taken as equal to one. Since all parahydrogen 
molecules have even rotational quantum numbers and all orthohydrogen 
molecules have odd rotational quantum numbers, the ratio, 13, of the 
concentration of the two forms is given by 
(1.2) 
Or, considering the energy of the state j and the statistical weight 





EJ. = j(j+l) -- = j(j+l)b 
8rr2I 
I= moment of inertia 
h = Planck's constant 
for j = even 
for j = odd 
g = statistical weight of a degenerate state 
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~ (2j+l) exp -j(j+l)bl 
=even ~T S=---------------'-------~ 3(2j+l)exp 1-,Hr;)b' 




er= b/~ = 84.837 K (from reference 4) 
since 
h = 6.55 x 10-27 erg/sec 
4 6 -41 2 I= . 7 x 10 g-cm 
-16 kB= 1.373 x 10 erg/K 
Equation 1.4 gives the composition of equilibrium hydrogen as a 
function of temperature and is illustrated in figure 2. At high 
temperatures (around room temperature) the constant b is much less 
than ~T causing the equilibrium ratio to approach the ratio 
S ~ 1/3 (high temperature limit) (1.5) 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
8 
The high temperature equilibrium mixture, consisting of twenty-five 
percent parahydrogen molecules and seventy-five percent orthohydrogen 
molecules, is classified as normal hydrogen and is the equilibrium 
composition of hydrogen at room temperature and above. 
The value of b becomes much greater than ~T as the temperature 
approaches absolute zero, and from equation 1.4 the equilibrium ratio 
approaches the limit 
S ~~(low temperature limit) (1.6) 
Thus, at very low temperatures equilibrium hydrogen consists of 
essentially all parahydrogen molecules. Hydrogen at the lower 
temperature limit consists of pure parahydrogen because as the 
temperature is lowered all molecules gradually pass into the lowest 
state having the quantum number zero, which is a parahydrogen state. 
However, according to reference 4, the rate of conversion from 
parahydrogen to orthohydrogen, that is, the rate at which equilibrium 
between the two species is approached, is extremely slow unless the hydrogen 
is heated in the presence of a suitable catalyst, such as oxygen or charcoal. 
In general the self conversion rate (no catalyst present) is a function of 
temperature. For example at liquid air temperatures the half life, 
defined as the time required to convert one half of the excess ortho-
or para composition present at the starting time, of the conversion is 
greater than a year while at 923 Kand 0.0657 atmospheres the half life 
is only on the order of ten minutes. Since the hydrogen that would 
be used as a wind tunnel test gas would probably be stored in liquid 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
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form, and considering that the e:x:perimentaJ. run times are relatively 
short compared to the para-ortho conversion time, the simplifying 
assumption will be made that the hydrogen gas being used in the wind 
tunnel is pure parahydrogen. 
I.3 Characteristic Rotational Temperature. 
As previously mentioned, the characteristic rotationaJ. temperature 
for hydrogen is relatively high. Because of this high value, hydrogen 
can exist in the gaseous state for temperatures lower than the 
characteristic rotational temperature. A range of influence associated 
with the characteristic rotational temperature can be expected so that 
at the lower temperature limit hydrogen should behave like an ideal 
monotomic gas and at the higher temperature limit ( around room 
temperature) hydrogen should behave like an ideal diatomic gas. 
The range of influence may be analyzed by considering the rotational 
partition function for a homonuclear diatomic molecule given as (see, 
for example, reference 5) 
Qrot(odd) 
~(gn-1) "" { e } = 
2 . L..J (2j+l)exp -j (j+l) Tr 
J=even 




Qrot(even) = L (2j+l)exp {-j (j+l) :r} 
j=even 
g (g -l) '°"' { 6 } + n ~ £...,, (2j+l)e:x:p -j(j+l) Tr 
j=odd 
(l.7b) 
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where ~ is the nuclear degeneracy. Equations 1. 7a and 1. Tb are for 
odd and even mass number homonuclear molecules, respectively. 
In most cases the characteristic rotational temperature, er, is 
near absolute zero (for example, er is 2.1 K for oxygen and 2.9 K for 
nitrogen). Thus, the temperatures at which the gaseous phase exists 
are much greater than the characteristic rotational temperature. Under 
these conditions equations 1.7a and 1.7b both reduce to the form 
/o t\ = 1.2 g2 f(2j+l)exp {-j(j+l) Ter! 
\~
0 ~T>>0 n j=O f r 
(1.8) 
The sum for er<< T is essentially equal.to the area under a curve 
of (2j+l)exp{-j(j+l)8r/T} versus j and the summation may be replaced 
with an integral 
(1.9) 
from which 
~ ~ l 2 T Q =-g -rot T>>S 2 n 8r r (1.10) 
Because the value of the characteristic rotational temperature for 
hydrogen is large (8 = 84.837 K for hydrogen), equation 1.10 does not r 
hold throughout the gaseous region of hydrogen. Equation 1.7a must be 
used to determined the rotational partition function of hydrogen because 
it has an odd mass number ( equal to one). The nuclear degeneracy is 
given by 
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~ = 2mn + l (1.11) 
where mn is the nuclear spin quantum number (mn =!for hydrogen). 
Substituting into equation 1.7a yields 
Qrot = Qrot,para + Qrot,ortho = L (2j+l)exp {-j (j+l) :r} 
j=even 
+ 3 L 
j=odd 
(2j+l )exp {-j ( j+l) :r } ( 1.12) 
where the first SUlllillation represents the contribution from the para-
states and the second summation represents the contribution from the 
ortho-states. 
Figure 3 illustrates the. influence range of the characteristic 
rotational temperature for parahydrogen. At temperatures well below 
the characteristic rotational temperature the rotational partition 
function, Q t , is approximately equal to one, signifying that the ro ,para 
rotational mode is unexcited and that the gas should behave similar 
to an ideal monatomic gs.s. For parahydrogen this occurs for tempera-
tures below approximately 75 K. For temperatures well above the 
characteristic rotational temperature the rotational partition function 
should approach the ideal diatomic gas rotational partition function 
given by equation 1.10. For parahydrogen, the rotational partition 
function must be multiplied by four since at higher temperatures 
equilibrium hydrogen consists of only twenty-five percent parahydrogen. 
Thus, for temperatures above approximately 200 K, the rotational 
contribution is the dominant factor and parahydrogen may be treated 
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as an ideal diatomic gas. Therefore, parahydrogen may be expected to 
behave similar to an ideal monatomic gas for temperatures less than 
75 Kand similar to an ideal diatomic gas for temperatures greater than 
200 K. 
The main part of this thesis will be concerned with how the 
characteristic rotational temperature influences the properties of 
gaseous hydrogen and the resulting deviations of hydrogen from the 
behavior of an ideal diatomic gas. 
I.4 Parahydrogen Equation of State. 
There are literally hundreds of "equations of state" which have 
been develqped to describe parahydrogen. For example, references 6, 7, 
8, 9, and 10 describe some of the equations of state to be found in the 
literature. 
Today there are four general methods developed by the National 
Bureau of Standards (NBS) used to computerize the thermodynamic 
properties of fluids. These a.re: linear interpolation; thirty-three 
term modified Benedict Webb Rubin (MBWR); polynomial interpolation; 
and a twenty term MBWR. The linear interpolation method is an 
interpolation on a table of property values stored in computer. The 
method is fast but not very accurate (average of 1%) and requires more 
computer core storage than the other methods. The most accurate 
method, better than 0.1% average, is the polynomial interpolation 
method. The major disadvantage of the polynomial method is that the 
computations a.re slow relative to the other methods. 
A good compromise, and a widely used method, is the thirty-three 
term modified Benedict Webb Rubin equation of state. The method is 
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faster than the polynomial interpolation and has an accuracy only 
slightly worse (0.1% average). The major disadvantage of the MBWR is 
the great inaccuracies near the critical region (20% error in density 
and 5% in temperature) • 
On a recommendation from the personnel of the NBS Cryogenics 
Division, the polynomial interpolation equation of state for para-
hydrogen was selected for use in this study and a computer program was 
obtained directly from them. The program. gives the thermodynamic and 
related properties of parahydrogen from the triple point to 300 Kat 
pressures to 1000 bar. 
I.5 Saturation Boundary. 
The minimum total temperature which could conceivably be used in a 
hydrogen wind tunnel depends on several factors, but is basically 
dependent upon the onset of condensation. The assumption is made that 
condensation must be avoided under all conditions to be encountered 
during the testing of a model in the wind tunnel and that condensation 
is most likely to occur in localized low pressure regions near the 
model. These low pressure regions may be thought of in terms of high 
local Mach numbers encountered near the model. To calculate the 
theoretical saturation boundary, the assumption is made that the test 
gas expands isentropically from the total conditions to the maximum 
local Mach number. 
Using the vapor pressure equation for parahydrogen given in the 
NBS program, along with the above assumptions, the theoretical 
minimum total temperatures have been calculated for a range of total 
pressures and maximum local Mach numbers, and are presented in 
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~igure 4. For example, if a hydrogen wind tunnel was operating at a 
total pressure of five atmospheres and a maximum local Mach number of 
0.5, the minimum total temperature which could be used to avoid 
condensation would be approximately 28 K. However, if the maximum 
local Mach number was increased to 1. 5, the total temperature would 
have to be increased to approximately 37 K. 
Total conditions may be selected to avoid any possible errors in 
the data caused by condensation by using figure 4 and by knowing the 
maximum local Mach number expected during a test. The theoreticaJ. 
total conditions necessary to avoid any possible errors due to 
condensation are believed to be conservative since the test gas remains 
at the high local Mach numbers for only very short periods of time. 
If the localized high Mach number regions are small, a nonequilibrium 
frozen flow would exist where the test gas is supersaturated. 
As previously mentioned, the Reynolds number will increase with 
decreasing temperature. Thus the maximum test Reynolds number which 
can be achieved at a given total pressure is determined by the 
saturation boundary. This will be discussed in greater detail at the 
end of this chapter. 
I.6 Thermal and Caloric Imperfections. 
The need to consider the effects of thermal and caloric imper-
fections on flow characteristics for parahydrogen at cryogenic 
temperatures is apparent from figures 5 and 6 where the compressibility 
factor, Z, and the ratio of specific heats, C /C , as obtained from p V 
reference 11, are shown over a range of temperatures. Departure of Z 
from the ideal gas value of unity is designated as a thermal imperfection 
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whereas a departure of C / C from the ideal diatomic gas value of p V 
1.4 is designated as a caloric imperfection. 
Figure 6 illustrates how the specific heat ratio is affected by the 
characteristic rotational temperature. For temperatures above 200 K 
the specific heat ratio for parahydrogen is approximately the same as 
the ideal diatomic gas value of 1.4 whereas, for temperatures less 
than 75 K the specific heat ratio corresponds more closely to the ideal 
monatomic gas value of 1.67. 
To evaluate the significance of the nonideal behavior, real-gas 
is entropic and real-gas normal-shock flow solut_ions, along with other 
flow situations, have been obtained for parahydrogen for a range of 
pressures and temperatures do-wn to saturation. The calculation 
procedure and discussion of the results for these flow situations are 
presented in the following chapters. 
r.7 Transport Properties. 
The two transport properties that are of most concern in 
experimental aerodynamic research are the viscosity, n, and the thermal 
conductivity, k. These properties are relatively independent of small 
changes in pressure and are plotted in figures 7 and 8 as a fllllction 
of temperature as obtained from reference ll. 
The two properties along with the specific heat at constant 
pressure combine to give the Prandtl number, Pr, an important dimen-
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This para.meter for parahydrogen is shown as a function of temperature 
at different pressures in figure 9 as obtained from reference 11. 
Eucken's relation, derivable through kinetic theory (see, for 
example, reference 12), gives the Prandtl number as a function of 
the specific heat ratio, y, as 
Pr = __ 4y_.___ 
9y - 5 (1.14) 
The relationship gives a value of 0.667 for the Prandtl number of an 
ideal monatomic gas where y = 1,67 and a value of 0,737, which is 
approximately the correct value of 0.725, for the Prandtl number of 
an ideal diatomic gas where y = 1.4. 
Comparing Eucken's relation to figure 9 and considering the 
characteristic rotational temperature influence, there appears to be a 
major inconsistency. One explanation for the deviation is that 
Eucken's relation is a reasonably good approximation only for gases at 
ordinary temperatures. At cryogenic temperatures, the transport 
properties do not vary in the same manner as they do at room temperatures 
thereby causing Eucken's relation not to hold at cryogenic temperatures. 
Cryogenic temperatures influence the transport properties in such 
a way as to cause the Prandtl number at one atmosphere and around 
25 K to be equal t·o the ideal diatomic gas value of O. 725 instead of the 
expected value of 0.667, the ideal monatomic gas value. So, under 
these conditions, the thermal boundary layer profile may be expected 
to vary from the velocity boundary layer profile for parahydrogen in 
the same manner as an ideal diatomic gas. 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
17 
As noted in the introduction, it is necessary to match,as nearly 
as possible, the Reynolds number between flight conditions and the 
conditions maintained during aerodynamic testing in the wind tunnel. 
With the ever increasing ·flight Reynolds numbers, much work has been 
devoted to increasing the test Reynolds number by decreasing the test-
ing temperature, by increasing the testing pressure,and by using 
different gases (see, for example, reference 13). Figure 10 
illustrates the benefits, from the viewpoint of increased Reynolds 
number per meter, of using cryogenic hydrogen compared to nitrogen or 
air assuming an isentropic expansion from the total conditions. For 
example, at a Mach number of 0.1, the Reynolds number per meter for 
hydrogen at the total conditions of one atmosphere and 25 K is about 
fif'teen times that of air at standard conditions and approximately 
three times that of nitrogen at the total conditions of one atmosphere 
and 100 K. 
The Reynolds number per meter for hydrogen and nitrogen are 
compared at a free stream Mach number of 1.0 and a total pressure of 
one atmosphere at various total temperatures in figure 11. The figure 
illustrates the large benefits that may be obtained by using hydrogen 
instead of nitrogen from a Reynolds number standpoint. The benefits 
are a direct result of' the lower total temperatures which can be used 
before the onset of condensation occurs. 
Thus, the maximum obtainable Reynolds number per meter is directly 
dependent upon the saturation limits as imposed by the maximum local 
Mach number generated on the model being tested. This is illustrated 
for hydrogen in figure 12 where the Reynolds number per meter is sho-wn 
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as a function of total temperature for various total pressures with 
the theoretical saturation boundary s~perimposed as a function of the 
maximum local Mach number,?\· The figure shows that if the maximum 
local Mach number is 1.4 a factor of 17.5 increase in Reynolds number 
may be obtained at a pressure of five atmospheres by operating at 
cryogenic temperatures rather than ambient temperatures. This repre-
sents a Reynolds number which is forty-five times that of air at 
standard conditions. 
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CHAPTER II 
ISENTROPIC FLOW OF PARAHYDROGEN 
II.l Introduction. 
A useful approximation to portions of flows in aerodynamic re-
search is the isentropic flow of an ideal diatomic gas. Consequently, 
any candidate test gas should have isentropic flow ratios similar to 
an ideal diatomic gas. The purpose of this chapter is to present the 
real gas isentropic flow solution and results for parahydrogen. 
II.2 Isentropic Flow Solution. 
By definition an isentropic process occurs under the condition of 
constant entropy, and the solution may be calculated from the stagna-
tion conditions. An analytical solution may be formulated from the 
simple equation of state for an ideal gas. The equation of state for 
a real gas is more complex than the state equation of an ideal gas and 
an analytical solution for the real gas is not as easily determined. 
As noted in Chapter I the equation of state for parahydrogen used 
in the isentropic flow solution was developed by the National Bureau 
of Standards. The computer program for the equation of state was 
modified for the flow solution into a subprogram. form (identified as 
subprogram THERMO) where the inputs are the temperature and pressure, 
and the outputs are the thermodynamic and related properties. 
In addition to the main program, a subprogram. (identified as 
ISENT) was also developed that makes use of THERMO. ISENT calculates 
the pressure and other thermodynamic properties for a given 
temperature and entropy by using a modified interval halving technique, 
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and it is this subprogram that the main isentropic flow solution 
program centers around. 
The main program iterates on the Mach number and employs an 
interval halving technique, modified for the isentropic flow solution, 
to calculate the isentropic expansion of parahydrogen at various 
total temperatures and total pressures. Generalized flow charts 
describing the main program and subprogram ISEUT are presented in 
figure 13 and the steps involved in the solution a.re discussed in 
detailed in reference 14. 
II.3 Isentropic Expansion Coefficient. 
The pressure and density relationship for an isentropic expansion 
of an ideal gas is described by the exponential equation 
where y is the ratio of specific heats and is a constant for an 
ideal gas. As noted earlier in figure 6, the specific heat ratio 
(2.1) 
for the real gas parahydrogen is not constant but with decreasing 
temperature deviates considerably from the ideal diatomic gas value of 
1.4. Because the specific heat ratio varies with temperature, 
equation 2.1, with y equal to a constant, would not be expected to 
be valid for the isentropic flow solution of parahydrogen. 
In reference 15, Woolley and Benedict indicate that equation 2.1 
may hold true for an isentropic expansion of a real gas except that 
the exponent would no longer be equal to the specific heat ratio, They 
define the exponent as the isentropic expansion coefficient,~, which 
may be calculated from the formula 
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;=---y_z __ _ 
z - p (:;)T 
(2.2) 
and indicate that equation 2.l may be used for an isentropic expansion 
of a real gas provided that ~ is used instead of y. 
In this thesis the isentropic expansion coefficient was determined 
from the expression 
(2.3) 
where the states i-l and i represent an increment along an isen-
trope which is equivalent to a variation of 0.05 in Mach number. The 
variation of the isentropic expansion coefficient with total. 
temperature at a total pressure of one atmosphere is illustrated in 
figure 14 for expansions of parahydrogen to a Mach number of 2.0. This 
figure illustrates that the isentropic expansion coefficient is 
approximately constant outside the characteristic rotational temperature 
influence range and equivalent to the specific heat ratio for an ideal 
monatomic and an ideal diatomic gas below and above the influence range 
respectively. These values agree with those predicted by Woolley and 
Benedict when the rotational degrees of freedom are either unexcited 
or fully excited. 
II.4 Isentropic Flow Ratios. 
As noted in section II.2, since, by definition, an ideal diatomic 
gas is both thermally and calorically perfect, the isentropic flow 
ratios may be easily solved for by using the simple ideal gas equation 
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and are a function of Mach number, M, ~d the specific heat ratio, y, 
only. 
As previously noted, any candidate wind tunnel test gas should have 
behavior similar to air which, under flight conditions , acts for all 
practical purposes like an ideal diatomic gas. For this reason, the 
isentropic flow ratios for parahydrogen will be compared with the ideal 
diatomic gas ratios determined from equations 2.3 to 2.6 with the spe-
cific heat ratio, y, equal to 1.4. 
The deviation of the isentropic flow ratios from the gas values 
are presented in graphical form. The plots were obtained from the 
tabulated values generated by the computer program discussed in 
reference 14. 
The deviation of the pressure ratio for an isentropic expansion 
of parahydrogen to Mach 1.0 from the ideal diatomic gas value is 
illustrated in figure 15. The figure shows that the deviation is 
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mainly dependent upon the total tempera~ure variation while the effect 
of the total pressure on the deviation is comparatively small. Once 
again the real gas behavior of parahydrogen, this time in terms of the 
isentropic expansion pressure ratio, may be explained by the influence 
of the relatively high value of the characteristic rotational tempera-
ture since the greatest deviations occur within and below the 
characteristic rotational temperature influence range, defined in 
section I.3 as 75 K to 200 K. 
The effect of Mach number on the deviation of the isentropic 
pressure ratio is shown in figure 16. The deviation is shown to be 
insignificant for low values of Mach number, which is expected because 
the flow may be assumed to be incompressible under these conditions. 
It is interesting to note that the maximum deviation of the isentropic 
pressure ratio for parahydrogen occurs at approximately the same Mach 
number as that determined for nitrogen by Adcock in reference 16. This 
occurance surely must be coincidental because Adcock shows that for 
nitrogen this deviation is in the positive sense and the maximum value 
increases with both Mach number and pressure whereas for parahydrogen 
the deviation is in the negative sense and the maximum value increases 
with pressure but decreases with Mach number. Figure 16 also verifies 
the fact that the deviation with respect to the total pressure varia-
tion is comparatively small. 
Figure 17 shows how the temperature ratio for an isentropic 
expansion of parahydrogen to Mach 1.0 deviates from the ideal diatomic 
gas value. Like the pressure ratio, the deviation in temperature 
ratio is seen to be only slightly dependent upon the variation in total 
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pressure and to be basically dependent upon the total temperature. 
The isentropic temperature ratio as a function of total temperature 
curve is identical in shape to the isentropic pressure ratio versus 
total temperature curve. The influence of the characteristic rota-
tional temperature is again the dominant factor responsible for the 
deviation. 
The Mach number effect on the isentropic temperature ratio 
deviation is illustrated in figure 18. Similar to the isentropic 
pressure ratio, the deviation of the temperature ratio is insignificant 
in the incompressible range of low Mach number values. This figure 
also verifies that the deviation with respect to the total pressure is 
negligible when compared with the deviation caused by the total 
temperature variation. 
An illustration of the isentropic density ratio deviation for an 
expansion of para.hydrogen to Mach 1.0 is given in figure 19. This 
figure shows that the density ratio deviates in the same manner as 
the isentropic pressure and temperature ratios. That is, the isentropic 
density ratio varies mainly with respect to the total temperature and 
only comparatively slightly with respect to total pressure. The 
characteristic rotational temperature influence is once again the 
dominant factor controlling the deviation. 
The deviation of the isentropic density ratio is shown to be 
generally less than the deviation of the pressure and temperature 
ratio. The deviation may be explained by realizing that pressure, 
density, and temperature are all interelated. As previously noted, 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
25 
the isentropic pressure ratio deviation and the isentropic temperature 
ratio deviation have curves which are similar in shape, so that when the 
density ratio deviation is calculated, the deviations of temperature 
ratio and pressure ratio have a tendency to cancel each other, thereby 
keeping the density ratio deviation closer to unity. 
Figure 20 gives the effect of Mach number on the deviation of the 
isentropic density ratio. In the incompressible range of low Mach 
numbers the real gas effects are once again shown to be insignificant. 
Figure 20 also verifies that the deviation with respect to the total 
pressure variation is comparatively insignificant when considering 
the deviation caused by the total temperature variation. 
The real gas effects on the isentropic stream-tube area ratio for 
parahydrogen are illustrated in figures 21 and 22. Since A is 
equivalent to A* when the Mach number is equal to 1.0, the deviation 
from the ideal diatomic gas value is zero at sonic conditions and 
small in the transonic region, as shovm in figure 21. The deviation 
is shown to be more dependent on total temperature than on total 
pressures and is smaller in the incompressible range than in the 
supersonic range. The deviation with respect to total temperature, 
illustrated in figure 22, is again dominated by the characteristic 
rotational temperature influence. 
rr.5 Conclusions. 
1. The isentropic expansion coefficient for parahydrogen cannot 
be assumed to be constant but is governed by the 
characteristic rotational temperature influence range. 
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2. The characteristic rotational temperature is also found to be 
the dominant factor controlling the deviations of the 
isentropic flow para.meters. 
3. The deviations of the isentropic flow parameters are primarily 
a function o:f the total temperature, with the influence of 
the total pressure being small in comparison. 
4. At low Mach numbers, where the assumption of incompressibility 
is valid, the isentropic flow deviations are negligible. 
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CHAPTER III 
PRAIIDTL-MEYER EXPAl."lfSION FLOW OF PARAHYDROGEN 
III.1 Introduction. 
One type of isentropic flow which requires further discussion is 
the supersonic isentropic flow that occurs in the turning of a flow 
around a corner. This type of flow is known as a Prandtl-Meyer flow. 
The relation between the flow inclination and change in Mach number in 
an isentropic turn is given by the Prandtl-Meyer £'unction. By knowing 
the flow inclination all of the isentropic flow ratios may be obtained 
at the resulting Mach number through the use of the Prandtl-Meyer 
function. The purpose of this chapter is to present the Prandtl-Meyer 
flow solution and the dependency of Mach number on the Prandtl-Meyer 
fup.ction for flow in parahydrogen as compared to the results for an 
ideal diatomic gas. 
III.2 Pra.ndtl-Meyer Expansion Flow Solution. 
Consider the semi-infinite flow field above a convex wall as shown 
in figure 23 where the subscripts a and bare used to identify the 
upstream and downstream conditions of the expansion wave. Here a 
unif'orm parallel supersonic flow of Mach Ma is expanded to a higher 
speed,?\, by an increase in the local flow angle, eb - ea. As in all 
Prandtl-.Meyer flows, the Mach lines, which are inclined relative to 
the local flow direction at the Mach angle,µ, given by 
-1/2 
tan µ = (if - 1) (.3,1) 
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forI!l as straight lines from the wall. In addition, the flow parameters 
are constant along these lines. Therefore, the problem of determining 
the flow above the wall transforms into the determination of the 
velocity and the thermodynamic state as a function of the initial 
conditions and the change in the local flow direction imposed by the 
wall. 
The governing differential equation for Prandtl-Meyer flow can be 
determined from the geometry of a differential velocity change across 
a Mach line, considered as a weak, discrete expansion wave, as shown 
in figure 24. Here the tangential components of the velocities on 
both sides of the Mach line are equal, that is, 
From the law of sines 
or, using trigonometry 
sin ( 21T + µ) u + OU = ---------. u 
sin ( ; - µ - oe) 
1 + ou = cos(µ) u cos(µ)cos(oe) - sin(µ)sin(oe) 
So, for small 06 
1 + ~ = cos(µ) 
u cos(µ) - sin(µ)d0 
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l + ~ = ___ l__ ,....,.__,.. 
u l - tan(µ)d0 
or, neglecting higher order terms 
l + ~ = l + tan(µ)d0 u 
(3.6) 
(3.7) 
Combining equation 3. 7 with equation 3.1, the well-known differential 
equation for Prandtl-Meyer flow is obtained 
de = /1.t - 1 du u (3.8) 
To obtain a solution, two additional equations are required, the 
adiabatic energy equation, 
H = H + 1 u2 = Ii.. + 1 u..2 Ta 2a o 2o (3.9) 
and the thermodynamic equation of state, given here in terms of the 
speed of sound, c, for an isentropic process, 
c = c(H,S) = C (H ,s ) 
a (3.10) 
With the initial conditions given, equations 3.8, 3.9, and 3.10 can 
be solved for any three of the four variables, e, u, c, H, in terms of 
the fourth. 
For an ideal gas, equation 3.10 can be written in a simple form 
and the equations can easily be solved. For a real gas, the equation 
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of state is more complex than the id.eal gas state equation and such a 
simple solution to the syste~ of equations is not as easily determined. 
A computer program was written to solve the set of equations for 
parai:iyurogen. '.i:he nain i::art of the progra.::1 follows tn.e generalized 
flow chart given in figure 25 and the steps involved. are discussed in 
reference 17. 
III. 3 ?rand.tl-::.vieyer Exuansion Flow Results. 
As previously stated, the system of equations for an ideal gas 
:may easily ce solved for, resulting in the •n·ell-known eq_uation for 
the Pra.ndtl-~'leyer function for en ideal diatorr.ic gas 




✓ h. -' 
(3.11) 
The Prandtl-i'Ieyer exr,ansion flow results for paranydro6en will 'be 
compa:::-ed with the ideal diatomic gas values since, as mentioned 
earlier, any canclid.a-r.e wind tunnel test gas must behave lH~e air which, 
unaer flight conditions, acts like an ideal diatomic gas. 
'::he deYiations from the ideal diato:r.-.ic gas values for the Prandtl-
Meyer expansion flow in parahydrcgen are presented in graphical form. 
'::he results, shown ir. figure 26, were o·otained fro:r.i the tabulated. 
values, given in reference 17, generated by the computer program 
mentioned in tne previous section. 
Figure 26 shows tl:e lfach nunber deviation as a function of total 
temperat'll!"e for Prandtl-Meyer ex:;iansions from l-Ja.ch 1. 0 through angles 
of five a~d twenty-five degrees at total pressures of one and ten atmospheres. 
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As was tne case for the isentropic flow ratios, the deviation is mostly 
dependent upon the total te~perature variation while the deviation with 
respect to tee variation in total pressure is comparatively small. 
Once again the influence of the characteristic rotational teoperature 
appears to be tne dominant factor affectir:g the Hach nUI1ber deviation, 
just as it is in tne deviations of the isentronic ratios. 'l'he l1Iach 
number deviation also appears to increase with increasing Prandtl-
Meyer function, e. This is explained by the facts that the Mach number 
increases with e and, from Chapter II, that the isentropic deviatio~s 
increase with increasing Nach number. 
III.4 Conclusions. 
1. T'ne characteristic rotational. temperature is the dominant 
factor influencing the Mach nu...-nber deviation fer the 
Prandtl-Meyer expansion in parahydrogen. 
2. The Mach number deviation is small with respect to total 
pressure variations when compared to the influence of total 
temperature. 
3. The Mach number deviation generally increases with increasing 
values of the Prandtl-Meyer function. 
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CHAPTER IV 
lifOffifil SHOCK WAVES rn P.APAHYDROGEH 
IV.l Introduction. 
Shock waves are usually present around models tested at transonic 
and supersonic speeds and the investigator would like the jump condi-
tions across the shock wave to have a behaYior similar to air. So, 
any candidate test gas should have normal shock ratios similar to an 
ideal diatomic gas. The purpose of this chapter is to present the 
normal shock flow solution a..~d results for parahydrogen. 
IV.2 Normal Shock Wave Solution. 
Consider a standing normal shock wave as shewn in figure 27, If 
the subscripts a and b are used to identify the upstream and 
downstream conditions of the snack wave, the conservation equations of 
mass, momentum, and energy are 
p £,1 C a a a 
Et ,a 




( 4. 4) 
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Using equation 4.1, equations 4.2 and 4.4 may be written as 
(2. 2 
Pb = p + p 1,. C ( 1 - p / p. ) a a a a a o (4.5) 
¾ = H + ½-i'c2 [1 - (o /p. )2] a i:: aa ·a o (h.6) 
If the conditions upstreaz:1 of the shock are known, equations 4. 5 and 
4.6 constitute two equations for the three unJ.,.nowns P0 , ¾, Pc· i:i:he 
system of equations can be completed by assuming the gas to be in 
thermodynemic equilicriUI:1 on each side of the shock wave, which will 
supply the equation of state 
p = p(P,ii) (4.7) 
The requirement given by the second law·of themoa.ynan.ics, that the 
entropy downstream of the shc,ck wave, Sb, be greater than the entropy 
upstream. of the shock wave, Sa' assures the uniqueness of t~e solution. 
For a.n ideal gas, equation 4. 7 maJ· be ·written as 
~ = P[y/(y - l)]/li (4.8) 
where y is the s-pecific heat ratio. 'Ihe system of eq_uatior.s r:.ay then 
easily be solved for analytically. 
In the case of a real gas the equation of state is more cocplex 
than the state equation of a.n ideal gas, and an analytical solution of 
the system of equations cannot be determined algebraically. 
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A computer program was written to solve the normal shock wave 
system of equations for para."rJ.yd.rogen. 'l'he equations were solved by 
iterating on the upstream Mach nUr2ber and eoploying a modified 
interval-halving method to converge on the downstream static enthalpy 
and density. To determine the conditions on either side of the shock 
wave, ti::.e program used t1:e assumption of local thermodynamic 
equilibrium and er::.ployed subprograms TF..ERMO and ISE~T'I, which were 
discussed in Chapter II. 
A generalized flow chart for the ca.in part of the conputer program 
is given in fig~re 28 and the steps involved are discussed in reference 
18. One step that should be mentioned here is step 10 where the static 
te:r=!.perature downstreru-a of the shock is initially assumed. For this 
assurr:.ption the ideal diatomic gas equation was utilized, that is 
rri = T ( 1 + o. al . )-1 -a,i t,a a,i IT (1 + 0.21? . )-
1 
t,a a,i-1 
where the expression enclosed between the absolute Yalue signs 
represents the deviation from the ideal diatomic gas yalue for the 
previous iteration. ~he above method provided. rapid convergence 
throughout the domain studied. 
IV.3 Normal Shock Wave P.esults. 
The normal shock wave ratios for an ideal gas may, as preYiously 
noted, be solved for analytically and are given as 
2y1.f - (-y - 1) a 
y + l (4.9) 
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35 
Pb (y + 1)::,1; 
-=-------
( y - 1 )1.f + 2 
a 
J_ 













The fundamental equations are found to be functions of the upstream 
Mach ntn::lber, ~v1 , and tlle specific heat ratio, y, only. a 
As mentioned earlier, any candidate wind tunnel test gas should 
behave similar to an ideal diatomic gas. For this reason, the normal 
shock wave ratios for parahydrcgen will be compared with the ideal 
diatomic gas ratios determined from equation 4.9 to 4.14 with the 
specific heat ratio, y, equal to 1. l.~. 
The deviations of the normal shock wave ratios for parahydrogen 
from the ideal diatomic ga.s values are presented in graphical form. 
~he plots were obtained fro~ the tabulated values given in reference 
18 which were generated by the computer program discussed in 
section IV.2. 
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The deviations of the static ratios Pb/Pa, Tb/Ta, and pb/pa, 
across a normal shock wave in parahydrogen from the ideal diatomic gas 
values at various upstream total pressures and for an upstream ~.Jach 
number of 2,0 are illustrated in figures 29 to 3l. The figures show 
that the nonideal gas behavior of parahydrogen is mainly dependent 
upon t:C.e upstream total temperature variation, while ti:J.e deviations with 
respect to the upstream total pressure are comparatively small. ~he 
greatest influence on the deviations is the previcusly nentioned high 
value of the characteristic rotational temperature cf i:iydrogen. 
Figures 32 through 34 shew :J.OW the deviations of the static ratios 
across a nor.nal shock wave in para.hydrogen vary with respect to the 
upstrear;i l-.fach number, Na, at various upstream total te:eperatures and 
for an upstream total pressure of one atmosphere. ':'he figures show 
that the deviations generally increase with increasing upstream Hach 
number. They also show that the deviations, as a function of total 
temperature, have the same shape at the various upstream i•!ach m.unbers, 
and appear to be greatly influenced by the relatively high value of the 
characteristic rotational temperature. 
'i'he real gas effects on the l1~ach number downstream of a normal 
shock in parahydrcgen are illustrated in figure 35 for an upstream 
Mach number of 2.0. The deviation from the ideal diatomic gas value 
is s:Cwwn to be only slightly dependent upon the upstream total pressure 
wner. compa:::-ed to tiie dependence upon the upstream total temperature. 
Once again the dependency is explained by the characteristic rotational 
temperature range of influence. 
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Figures 36 thrcugn 38 gi ye tie effect of the upstream total 
pressure on the deviations or~ the total ratios Pt,b/Pt,a' '='t,i/Tt,a' 
Pt . / pt , from the ideal diatol!lic gas values for an upstream ~•~ach ,c ,a 
number of 2.0. The figures show that the total pressure ratio and the 
total a.ensity re.tic deviatior.s are mainly de:9endent upon the upstrea!!l 
total te~perature variation and are only co~paratively sligctly 
influenced by the variation in tl::..e upstream. total pressure. The 
deviations are shmm to be predominantly influenced by the 
characteristic rotational temperature. 
On the other ha."ld, the deviation o::' the total temperature ratio 
from that cf a.'1 ideal diatonic gas does not appear to be influenced 
by the characteristic rotational te~perat~re. The greatest deviations 
of the total temperature is or: the se.me order cf magnitude as tl-:.e total 
pressure and density deviations. 
Figures 39 through 41 illustrate how the deviations of the total 
ratios across a normal shock wave in para.hydrogen vary with respect 
to upstream lfach m..1n;.ber, U , at various upstream total terr.peratures a 
and for an upstream total pressure of one atmosphere. The figures 
show that the deviations generally increase with increasing upstream 
Mach number. Comparing figure 40 with figure 37, the deviation from 
the ideal diatomic gas value of the total temperature ratio is 
snown to be only slightly dependent upon the upstream ~-Iach nu.'1:.ber 
when compared to the dependency of the upstream total temperature. 
IV.4 Conclusions. 
1. The characteristic rotational temperature is the domir.ar.t 
factor controlling the deviations of the static ratios 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
38 
across a normal shoe~ wave in parahydrogen from the ideal 
diatomic gas values. 
2. The deviations of the normal shock wave static ratios increase 
with increasing upstream I,iach number. 
The deviations of the static ratios are small with respect to 
the total pressure variations when compared to the influence 
of the total temperature; 
4. The characteristic rotational temperature is also the dominant 
factor controlling the deviations of tne tctal pressure a..-id 
total density ratios across a nor.rial shock wave in parahydrogen 
from. the values for an ideal diatomic gas, while the total 
temperature ratio deYiation is not influer..ced by tl::e 
characteristic rotational te:::1.perature. 
5, The deviations of the tota.l pressure and total density ratios 
are small with respect to the total pressure variations ·,;,hen 
co:rr.pa.!'ed to the influence of the total ter.iperature, while the 
inverse is true for the total temperature ratio. 
6. The deviations of the stagnation ratios across normal shock 
waves increase ·..ri th increasing upstrea..'!l :,1ach number. 
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CE.APTER V 
:iJOZZLE FLOW OF PA..t;.AHYDROGEli 
V.l Introducticn. 
The previous chapters have described hew hydrogen differs from an 
ideal diator.dc gas for various flow situations. Also, the dramatic 
increase in Reynolds number attainable through the use of cryogenic 
hydrogen instead of air or cryogenic nitrogen was snown in Chapter II, 
along with the conclusion that cryogenic h;;a.rogen will bei:lave like an 
ideal diatomic gas in the incompressible flew regi~e. 
This chapter ccr.siders imriscid one-dir::er.sicnal cryogenic 
parahydrogen flew, botn isentropic ar..d with a normal shock, through 
the diverging section of a supersonic nozzle. ~hrough this analysis 
the differences between cryogenic hydrogen and an ideal diatomic gas 
will be studied in specific compressible flow situations. 
V.2 Isentrouic Flow. 
The dimensions for the d.:.verging section of a ~,Iach 2. 0 r!ozzle 
were obtained from reference 19. The values were then fitted. with an 
eq_uat ion of t:1e form 
( 5 .1) 
wi.1ere 
1 total length of the c.ive:rging section of the nozzle 
x a.istance downstrear.. fron the nozzle throat 
A area at distance x 
A* area at the nozzle throat 
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and the val'..!es of yk are as follows: 
V = 1.0 V 0 
,. 
'°'l = 0.0169041 
V = 6,873320 V ,, ... 
J? = -18.3897 
.J 
Y4 = 23.9338 
y = -16.5135 5 
y, = 4.67731; 0 
'Ihe area distribution, along xitl:. ti.1e resulting one-c.i::nensional isen-
tro:9ic flow ratios for an ideal dic.tor.:ic gas, is presented in figure 42. 
The corc.puter program disc~ssec. in referer:ce 14 -wa.s rr.oci.ified. to 
obtair.. the one-dimensional, inviscid, isen1:ro:9ic flow of :i;:arahyd.rogen 
throi...gn tl::e di verging sectior. of tne ::ach 2. 0 nozzle given by equation 
5.1. Since ttle pi.l!'pose of this study is to investigate the behavior of 
:C,.ydrogen under cryogenic conditions where t:..e ?.e~rnolds number advantage 
occurs, tt.e isentro:pic flow ratios were calculated for total conditions 
of 45 rC a.na one at1.:os:pr.ere. r:;:::1ese condition3 give a ?.eynolds number 
per ~eter va.1-..ie of about seven tines that cf air at one at~ospnere and. 
300 ••• 
~he results at t::e aoove total conc.itions are e:iven in fig.;.re 43 
in ter::::.s cf the cieviatior..s from -cr:.e ici.eal ciiatornic gas vz.lues. As 
expected frcr.1 t~e results of C~'lapt,::r r:, t~e deviations increase wi tl:-. 
increasing x./I., a.'1d. s:1ow a rather large deviation in the iser~trc~ic 
ratios eve:::i at tt.e throat. ':'l:e figure leads to the conclusio:c. that 
althougt substantial increases in Reynclds r.umbers may be obtained ~ith 
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cryogenic hydrogen, hydrogen is unacceptable as a test gas if it is 
essential to model an ideal diatomic gas under supersonic isentropic 
flow situations. 
V.3 Nozzle Flow with a normal Shock 
The isentropic nozzle flow solution discussed in the preceding 
section was altered to study the nonideal gas behavior of paranydrogen 
associated with a one-dimensional nornal shock wave. This was done oy 
using the real gas norr.:.al shock wave relations deriyed in Chapter IV 
and assuming isentropic flow upstream and. d.o,mstream of the shock. As 
in the previous section, to tal~e advantage of hydrogen's high Reynolds 
nut!ber capabilit;ir at cryogenic temperatures, the I,!ach n1.l!:l.ber dis-cribu-
tion a.~d nozzle flow ratios were calculated. for upstrear:: total 
conditions cf 45 K anci. one atr.1osphere. 
Tr..e parar.ydrogen and ideal diatomic gas results for shocks 
occurring at 11ach 1.3 and 1.8 are shown in figures h4 and 45, 
respectively. As expected from the results of Chapter II, the deviation 
in the shocl',. wave location between parahyd.rogen and an ideal diatomic 
gas increases with increasing shock 1-Iach mmber. This is predictable 
from the fact that in the supersonic range, the deviation for para-
hydrogen from the ideal diatomic gas value of the isentropic stream.-
tube area ratio, A*/A, increases with increasing Mach number (as shown 
in figure 22). The results indicate that the shock wave location on an 
airfoi2. being tested at supersonic speeds in cryogenic parahyc.rogen 
would probably oe in error by ar. unacceptable a.n:ount, when corr.pared 
to ~he shock wave location in air, therec:r possibly m.:.llifying any 
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ad.vantage of testing at the increased Reynolds nUI:J.ber which may be 
obtained by using cryogenic parah:,•drogen. 
The results of figures 44 and 45 are in agreer:ent with the results 
of Chapter II, anc. demonstrate that the deviations in t:::1e :fach nun:."cer 
and nozzle flov ratios are ger.erallj· sn:.aller dcw'llstrea= of the shock 
wave t::ian tbey are upstream of the sr1ock wave. ::::e results support 
the conclusion reached in the Chapter II that t:1e ise!ltrcpic flmr 
ratios for cryogenic parai:1yd.rogen at low subsonic :;.racn nu::ioers do not 
deviate su'"ustar.tiall:r frcr.1 t1;.e ideal diato:1ic gas values. 
V.4 Conclusions. 
1. Cryogenic hydrogen is ur.acceptable as a test gas if it is 
essential to nod.el an ideal diatocic gas under supersonic 
isentropic flow situations. 
2. Cryogenic hydrogen is unacceptable as a test gas if it is 
essentia.J..•to ~odel an ideal diatoEic gas under supersonic 
flow situations where a shock occurs. 
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CHAPTE3 VI 
FLOW ABOUT A DI.ftJ,IOIID-SH.APED AIP.FOIL 
VI.l Introduction. 
Chapter V concluded that, w:;.en compared to an ideal diatomic gas, 
cryogenic para.hydrogen is unacceptable as a supersonic wind tur..nel test 
gas. The purpose of this ci1apter is to verif;r this conclusion aric., 
like the nozzle flow study, to gain insight into the flow characteris-
tics of cryogenic parahydrogen in the transonic Mach m.unber region. 
'I'lJJs is done by using the shock-expansion theory to study the inviscid 
flow about a dia."llond-shaped airfoil. 
VI.2 ~he Oblicue Sheck Wav-e. 
One cf tile basic concepts involved in tn.e shock-expansion theory 
is the oblique shock wave, the geometry of which is given in figure 46. 
'I'he oblique shock wave may be treated in the same manner as a normal 
shock wave taking into consideration the additional velocity component, 
v, tangent to the shock wave. 
The continuity equation across a."1. oblique shock may be given in 
terms of tl::e nornal velocity components as 
(6.1) 
where u is the velocity ~on:.ponent nornal to the shock wave and p is 
the density. 
From the oblig_1.,e shocl: wave geometry giver.. in figure 46 the 
following may be written 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
44 




Gsing the trigonometric identity 
tan( f3 - cS) tans - ta.no =--------1 + tans tano (6.4) 
equations 6.2 and 6.3 may be combined to yielc 
1 - ~ tanc u ul 2 -= 
ul ul 
1 + - tano 
(6.5) 
V 
But, the tangential component of the velocity, v, may be written as 
v = }w~ - u~ (6.6) 
so that 
(6.7) 
Introducing the speed er sound, c, the above may be written as 
(6.8) 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
where M
1 
is the upstream Nach number and the ratio u1/ c1 is referred 
to as the equivalent normal shock Mach nUI:1ber. Substituting equation 
6.8 into equation 6. 5 gives the follovd.ng result based only on the 
geometric con.siderations of an oblique shock wave 




~/ (cl \)2 - 1 
, 1 u
1 
From the above equation and the equation of continuity, 6.1, the 
solution for the oblique shock wave may be dete!"ID.ined at a specified 
Yalue of o. 
VI.3 The Shock-Expansion Theory. 
The oblique shock wave along with the isentropic expa.~sion wave 
are the two funda-rr.ental components used to analyze many two-dimensional 
flow problems by uniting the appropriate combination of the two 
solutions. The shock-expansion theor:r may be used to analy::::e the flow 
over two-dimensiona.l airfoils. 
Consider, for exa~ple, the symn::etrical diamond-section airfoil in 
figure 47. A shock forms at the leading ecige compressing the flow tc 
pressures above and belcw the airfoil. Centered. 
expansion waves located at the shoulders expand the flow to pressures 
P~ and P~. Finally, the trailing edge shock recompresses the flow .) :;; 
to (nearly) the free-stream pressure value. 
A supersonic wave dreg is induced on the airfoil due to the over-
pressure on the forward faces and the underpressure on the rearward 
faces. This type of supersonic drag exists even in the idealized, 
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nonviscous fluid and is fundament'a.lly different fron the frictional 
drag and separation drag associated with the viscous boundary layer. 
For ur..it span, the supersonic wave drag associated with the diamond-
sectior.. airfoil is given by 
(6.10) 
where t is the ma.."CimUI::. thick."1ess cf tee airfoil. 
VI.4 Flow Solution. 
now consider the symmetric diamond-section airfoil in figure 47 
with a chord length, Q,, of three meters flying at an altitude of 
8000 meters and a 1-Iach numoer, M~, of 1.3. At this altitude, reference .l. 
20 gives the following conditions 
static pressure: 0.352 atm 
k · .... · · · · 2. 904 y· 10-5 m2/sec ·inenauic viscosi~y: ~
speed of sound: 308.07 m/sec 
static density: 0.526 kg/m.3 
From the above values, the Reynolds number based on the chord length 
is 41.4 x 106. To match the Reynolds number in a cryogenic hydrogen 
wind tunnel, with a total pressure of one atnosphere and a total 
temperature of 50 Ka chord length of 0.4576 meters is required, 
which could easily be a.ccoI!lI!lodated in a wind tunnel. 
The lift and drag coefficients associated with the diamond-section 
airfoil given in figure 4 7 may be deterrr..inec":. using the snock-ex:pa."lsicn 
theory. For the ideal diatomic gas "the values are easily determined. 
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using the equations given in chapters II, III, and IV following the 
calculation procedure outlined in reference 21. 
Because of tr.e complex equation of state for a real gas, an 
analytical solution for hydrogen is not as easily determined. The 
results obtained in chapters II, III, and IV !:'lay be used along with the 
shock-expansion theory to calculate the lift and drag coefficients. 
Using the normal shock wave solution tables, given in reference 18, 
along with equations 6.1 and 6.9, the Mach number normal to the shock 
wave upstream of the shock wave may be determined for various deflection 
angles, o. Figure 48 gives the solution for the free-stream conditions 
of one atmosphere and 50 K, and for deflection angles, o, of two and 
four degrees, and an upstream Mach number, .M1 , of 1.3. 
The lift and drag coefficients were calculated for various free 
stream Mach numbers, M1 , airfoil half angles, ¢, and angle of attack, 
a, and are presented in table I. 
VI,5 Comnarison of Results. 
The errors in the lift and drag coefficients do not vary in any 
consistent manner. Occasionally the errors are less than one percent, 
but, in general, the errors are large enough to :make hydrogen 
unacceptable as a cryogenic wind tunnel test gas if an ideal diatomic 
gas is to be simulated. 
VI.6 Conclusions. 
'I'he results from tne diaL1ond.-shaped. airfoil study confirm the 
conclusions reached in the nozzle flow study. That is, ccr.sidering 
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that high local Hach number regions may occur in transonic and super-
sonic flow situations, and recognizing the possibility of large errors 
in the determination of the lift and drag coefficients, cryogenic 
hydrogen is unacceptable as a transonic and supersonic wind tmnel 
test gas if an ideal gas is to be simulated. 
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CHAPTER VII 
SELECTED WIIID Tli1ITrnL DESIGIJ CONSIDERATIONS 
VII.l Introduction. 
The purpose of this chapter is to discuss selected design aspects 
which must be considered if a cryogenic wind tunnel is to be built or if 
an existing wind tunnel is to be n:odified to use cryogenic para.1-iJ•drcgen 
as the test gas. :Jo attempt is made to cover all of the design 
considerations associated with a cryogenic wind tunnel. Or.ly those 
asl)ects peculiar to the use of hydrogen will be examined. These 
include: drive power requirements, cooling requirements, material 
compatabili ty, and safety. 
VII.2 Drive Power Recuirements. 
This section consists of a theoretical analysis of the power 
required for isentropic co:r:1pressions of cryogenic parahyc.rogen to 
deternine how the real gas effects influence the driv-e power require-
ments of a closed circuit wind tunnel. The analysis cov-ers a 
temperature range of 25 r: to 300 K, a pressure range of one to fiv-e 
atreospheres, and a fan pressure ratio range of 1.019 to 1,200. ~he 
valt:.es cover the range of variables likely to be encoi.lilte:red ira a far.-
driven cryogenic wind tunnel with hydrogen as the test gas. The results 
are compared to air at total conditions of one atnosphere and 300 ?:. 
In reference 22, Adcock and Ogburn present power calculations 
for the isentropic compressions of cryogenic nitrogen, and their 
analytical wind tunnel model, presented in figure 49, shall be 
exa:!1.ineci. for the hydrogen case. 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
50 
The assumption is made that the only losses that occur are between 
the tunnel throat and fan. The simplifying ass'U!lption is a direct 
result of wind tunnel data which shew that most of the tunnel lesses 
do occur in this portior.. of the tur..nel because of the higl:er flow 
velocities. As a conseq_uence of the simplification, the total condi-
tions are the same at the fan outlet ar.d -c;he tunne.2. throat. 
'I·o remove the heat condi...cted through ~he walls of the tunnel and 
the heat added to the stream by the fan, the assUI1ption is na.de that 
a cocling syste;.1 is :placed upstrear:;. of the fan. A furt:h.er assumption 
is made that the cooling is acconplished by injecting li~uid hydrogen 
directly into the tunnel circuit thereby cooling the circuit through 
evaporation. The location of the cooler is upstream of the fan rather 
than downstream to allow a more thorough mixing of the evaporating 
hydrogen with the main stream. In the case of nitrogen, Adcock and 
Ogburn have shown that the additional mass flow due to the li~uid r.itrogen 
being injected for cooling is at most two percent of the ~ass flow. 
Their studies indicated that while the absol1...te power levels were 
increased b;r about two percent because of the additional mass being 
compressed, the ratio of the power re~uired to compress nitrogen to 
that required to compress an ideal diatomic gas was insignificantly 
affected. Since they were primarily interested in this ratio, the 
ass'U!:'!ption was ~ade that cooling occured without mass addition. ~he 
same assumption will also be me.de here, realizing that the :power 
calculations do not incl~de the additional power required to compress 
\ the mass flow of the coolant. 
Based on the fan pressure rs.tics necessary to acl::ieire a given test 
section ~.-!aci:J. number in several existing tunnels, the fan pressure 
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ratios presented in table II nave been assumed for this analytical 
study. 
Based on experience with existing tunnels, the fan pressure ratio 
needed to achieve a given test section Mach number is assumed to be 
invariant with stagnation temperatll!'e and pressure. In accordar.ce 
with the conclusions made so far witr. respect to the usefullness of 
hydrogen as a test gas, the low subsonic ;;;Iach number region will -De 
studied in greater detail t~1an the higher Mach nu."D.ber region. 
The tunnel mass flow calculations are carried out at the throat 
conditions. For subsonic velocities the assumption is made that the 
throat anc. test section Mach nu.":lbers are identical. For supersonic 
speeds, the effective flow area in the test section must be greater 
than that of tr.e throat. In practice, this larger effective area is 
created either ·oy diverging the walls of the test section er by 
allowing some cf the test gas entering the test section to flow through 
slotted or porous test section walls into a plenu."ll char.acer surrounding 
the test section. In the latter case, tr1e r:i.ass may 'oe rerc.o-v-eci. fro:t:1 
the plenum clle.moer by au.xiliary suction or it may i::e allowed to reent"er 
the tunnel circuit at the diffuser entrance. For this ar.al;ysis 
it will oe assumed that e.11 the nass that :passes througn ti.:e tunnel 
t:0.roat will also pass throug11 the fan. 
The test gas of a closed circuit fan driven wind tu.nr.el is forced 
to flow arou...'1d the t-.;nnel circuit ty the energy i~parted. oy the fa~. 
Assu.'ning that t:i.1e steady flew compression that occurs at the fan is a.'1 
iser.trcpic ?rocese, the ~ewer per unit area icparted to the test 6as is 
given by 
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Pwr = .,, (-.:; 




m = ~ass flow rate per unit area cf the test gas 
and. 
(Ht 2 - ii.._ 1
) = enthalpy c:.ifference, at constant entropy, 
' I.,' s 
across the fan. 
~he mass flew rate per unit area may be deteri:.ined by 
m = pl-1c (7.2) 
and for an isentro:9ic process of an ic.eal gas, this nay be expressed 
as a f·J.nction of the stagnation conc.i tions and 1-lach nU1:;.ber 
m = P.._.·:1 
I., ·, t ( ) 
2(1~~) 
, + y-1 ·.:2 
.J.. 2 J.. (7.2) 
Also, for an ideal gas the enthalpy difference may be expressed as 
y-1 
= Cp Tt ,l [ (~) y - 1] (7.4) 
where (Pt, 2/Pt,l) is cor:Il!only referred to as the fan pressure ratic. 
Eqi..:.ations 7. 3 and 7. 4 may then be substituted into 7 .1 to give tne 
po~er r~Q~ire~ents for a.r.. ideal gas. 
In the case of a real gas such a closed for~ sol~tion cannot be 
as easily determined. 3ut, by using the is entropic flm1 conputer 
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progran. discussed in chapter II, and. specif:-·ir..:; the fan 9ressure ra-cio, 
t:ie throat l1ach number, and the total ccndi t:.or.s at the throat, the 
power req_uireoents for a wind tunnel using parah;:rdrogen as the test 
bas ~ay oe calculated using the previously discussed a.nalj-tical model. 
Figure 50 gives the ~ower req_uirenents for a hydrogen wind tunnel 
relative to the power req_uire:m.ents for a..~ a...~bient air wind tunnel as 
a function of fan outlet total ter.iperature ~ r:;:t ,., . Each fan outlet tctal 
'C. 
:;,ressure line,?.,_ 
2 , corresponds to every test section Hach number at ... ' 
which the power req_uire!:l.ents were calculatec.. 'l':-ie maxfo.um deviation 
was a:pproxir.:.ately one-nali' of one percent between a Haen n~ber of 1.2 
and a Mach number of O .1. This result suggests that the :9ower require-
:t:1ent ratio is relatively independent of l-1ach nun:."oer, a fact which 
shall be applied later. 
Tacle III si:1ows how the test section size, the tunnel pressure, 
and the tunnel power requirement is affected by changing the test gas. 
The table illustrates the advantage of hydrogen compared to nitrogen 
or air. At a given ~-lac!:. number and Reynolds number the drive power 
requirement for hydrogen is less than the power req_uirement for nitrogen 
or air. Tne advantage of hydrogen is a direct result of the saturation 
boundary allowing operation at a greatly reduced total temperature. 
Since the advantage of parahydrogen lies in its high Reynolds 
number capabili t;r, the power req_uirements for a certain Reynold.s m.:u::ber 
advantage will be considered. The power require~ent is analyzed nest 
as a ratio of the pare.hydrogen power req_uireI!!ent to -che FOWer req_uired 
for air near standard conditions. Kilgore, in reference 13, suggests 
that botn the Reynolds number and power are directly proportiona.2.. to 
the total pressure. Therefore, if the :!.1eyr..olds number, divided by the 
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total pressure, is plotted against the required :power, divided by the 
total pressure, only one curYe should arise since the tot1:l pressure 
dependency should cancel out. Figure 51 gives this function for 
i:arahydrogen in terr::s of the Re;ynolds nUI!j_ber ac.yantage (ratio of the 
?.eynolds nu.~ber for parahycrogen at various total pressures and. 
tem~eratures to tne Reynolds number for air at one atmosphere a.~d 
300 K) , divided by the tot al pres sure, as a function of the required 
power ratio fpower per u.11it area for parahyclrogen at various total 
pressures and temperatures divided by the power per unit area for 
air at one atmosphere a..."ld 3CO i•~) , divided 'by tne total pressure. The 
values for air were determined by using the ideal gas equations for 
an ideal diatomic gas. 
':'he solid. line labeled ideal gas in figure 51 eyolv-ed fron a 
mod.ification of the closed form solution of the ideal gas equations. 




By using the isentro:r:,ic flow equations for an ideal gas t.his equation 
may be given by 




The viscosity, n, is usually given by Sutherland's equation, but, as 
pointed cut in reference 7, a more accurate Yalue for para:iiyd.rogen is 
gi Yen ·oy :,iller' s fornula ( see the anuendi:s:). '.2he static te:r.rperature, 
':, is given cy 
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T = Tt ( l I y;l 1?) -l (7.7) 
As noted in c;iapter I, the specific heat ratio, y, for ::;,arah:rc.rogen 
is not constant but varies with temperature. For this analysis the 
specific neat ratio is given as 
where 
and where 







y = L yk T 
k=O 
T = temperature, X 
the values of yk a.re as follows: 
2.6735 Y1 = -1.8562 X 10-
2 
6.9001 X 104 Y-:i = -1.0288 X 10-5 
...) 
5.3581 :-<: 10-
8 y = -6.6509 X 10-12 5 
-8.744 - 0-13 X .L Y7 = 2.894 X 10-15 
-2.9464 X 10-lB 
(7.8) 
Equation 7.8 approxi~ates the s~ecific heat ratio, Cp/Cv' given in 
figure 6. 
The a.rive power requireoents for parahyd.rogen were then approxi-
mated by using equations 7.1, 7.3, and 7 .4 with y = 1.4 and 
the appropriate values for the specific heat at constant :pressure, C"I'"\, 
.I:' 
and the gas constant, R. '.!:he curve was calculated. for a Ma.en nUI:1.ber 
equal to one. Calculations were performed at other :.:a.ch n1..u:i."oers but 
these resulted in similar curves den:onstrating the relative inc.epenc.ence 
of Mach number. 
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VII .• 3 Cooling Reauirements. 
':'he a.mount of liq_uid nydrogen reqi..:.ired for cooling ma~r be divided 
into two categories: i) the anount initially required to cool tee 
cryogenic tunnel to its operating temperature,and, ii) the a.mount 
required to remove tne heat being conducted through t~e tunnel walls 
a.nd the heat energ-J added to the strea.n by the driYe fan while the 
tunnel is running. 
'l'he a.rJ.ount of liquid hydrogen required to ecol a cryogenic wind 
tunnel to its operating temperature is ftependent upon the cool-down 
procedure used as well as the ph;rsical ct!aracteristics of' the tunnel. 
To calculate the rr.inimum liquid requireffient, the simplifying 
assumptions are ~ade that no heat is conducted through the insulated 
tunnel walls a.nc:. that no heat is added by the drive fan to the test gas 
during the cool-dow'11 process. With these assumptions the cinir.nlln 
liquid hydrogen requirement for cool-down occurs when the tunnel is 
cooled slowly in such a way that the hydrogen gas ·will leave the tunnel 
circuit at the same temperature as that of the warmest part of the 
tunnel structure. Assuming further that all of the liquid hydrogen 
vaporizes, the maximum a.mount of liquid hydrogen required for cool-down 
may be calculated when only the refrigeration availaole in the latent 
heat of' vaporization is utilized and the hydrogen gas leaves the tunnel 
at the saturation temperature. 
If cr represents the mass of liquid hydrogen required to cool a 
unit :mass of material through a given temperature range, then, 
following the analysis given in reference 23, cr. = 0.031 and min 
cr = 0.14 for cooling a stainless steel structure from 260 K to ma;,~ 
30 K. 
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Cooling through such a large temperature range would not always 
occur since under some circumstances the tu.'1.!lel circuit would be 
allowed to remain cold between runs. Ur-der these conditions the heat 
to be re~oved would be equal to the heat gained by the tunnel 
structure and test gas by conduction through the insulation. 'I'his heat 
conduction could be kept to an acceptable level by properly designing 
the insulation. 
One possible way of reducing the cost of cooling a cryogenic 
hydrogen wind tunnel would be to use r.elatively inexpensive liq_uid 
nitrogen to cool the structure to ap:proxi~ately 77 Kand to use hydrogen 
to cool the structure to the lower operating temperature. 
The heat to be rereoved while the tunnel is running consists of 
heat conduction througn the walls of tr.e tunnel and the heat energy 
added by the drive fan. The cooling thermal capacity of para.hydrogen 
is eq_ual to the latent heat of vaporization (445,5 joules r::er gram at 
the normal boiling point) together with the sensible heat of the gas 
phase between tr1e saturation te.r.i.perature anc. the desired total 
temperature. 
Figure 52 gives the cooling therreal capacity for parahyd.rogen for 
a range of final gas conditions. iiere the cooling thernal capacity 
is eq_ual to the latent heat together with the sensible heat of the gas 
phase between the saturation te~perature a..~c the final gas total 
temperature. 
Kilgore, in reference 13, gives the cooling thermal capacity for 
nitrogen. By comparison, ~he cooling thermal capacity for 
parahydrogen is ouch greater than that of r.itrogen, on a mass basis. 
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At a temperature of 300 K, the cooling capacity of parahydrogen is 
approximately nine times that of nitrogen and, on a mass basis, the 
latent heat of vaporization of parahydrogen is more than twice that 
of nitrogen. 
~he additional power required for cooling is best illustrated by 
an example. The mass flow rate of the liquid hydrogen (LE:2 ) required 
to remove the heat of compression is equal to the drive fan power added 
to the strear:i, Pw-..c, given by equation 7 .1, di Yici.ed by the cooling 
capacity, given in figure 52 and Appendix I. 
If E represents the energy required to produce a unit mass of 
liquid hydrogen, then the power equivalent of liquid hydrogen used to 





is the mass flow rate of the liquid hydrogen. 
(7.9) 
Table IV compares the results for cryogenic hydrogen, cryogenic 
nitrogen, and air at sta.'11.dard ter.1perature at a free stream Ifach nuwber 
of 1.0, a Reynolds number of 50 x 106, a total pressure of 2.5 
atmospheres and a local saturation Mach number of 1.2. The value of e: 
for nitrogen was obtained from the work reported cy Kilgore in 
reference 13. The value of E for hydrogen was then selected to be 
consistent with the liquefaction work requirements for nitrogen and 
hydrogen given in reference 24. The results show that although the 
ciri ve power requirements for cr:rogenic hydrogen is substantially less 
than the a.rive power requirements for cryogenic nitrogen or air at 
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ambient temperature, the total power requirements for cryogenic 
hydrogen is considerably greater because of the liquefaction power 
requirements. 
VII. 4 Material Conroatibility. 
Atomic hydrogen is capable of entering steel and many ctr.er metals 
and alloys. When this penetration occurs, ar.y one of several 1.L.~desirable 
phenomena may take place which are collectively referrea. to as hydrogen 
e:c;brittlement. nJ'drogen embrittlement is a delayed-failure :phenomenon 
which is also known as "hydrogen-induced, delayed brittle failure" or 
"hydrogen-stress cracking" since a loss of ductility as measured. in the 
tensile test is not necessarily associated with the condition. 
The presence of hydrogen affects the mechanical behavior of iron 
and steel principally by: reducing the ductility (embrittlement), 
lowering the fracture stress, and causing a delayed brittle failure 
under suitable conditions. If an apparatus is to. be used in a hydrogen 
environnent it should be constructed of material that would not be 
affected by the hydrogen. 
As a general rule for the selection of metal alloys to use in a 
hydrogen environment, the aluminum alloys and the stable austenitic 
stainless steels, such as SAE 321, have been found to be insensitive to 
the presence of gaseous hydrogen a...~d, therefore, any system using thera;e 
materials should be free fron: degradation due tc h-:,rc.rogen er::.bri ttlement. 
Thus, if these or similar hydrogen conpatible materials are used 
exclusively in a hydrogen wine. tunnel, problems caused by exposure to 
gaseous hydrogen will net occur. 
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VII. 5 Hydrogen Safety. 
Perhaps the greatest safety hazard encountered when handling 
hydrogen is its high co:mbustability. The orainary burning of a ~ixture 
of hydrogen and air can occur within the broad lin:.i ts of about four 
percent to seventy-fi v-e percent of hydrogen by voli..llie. l-I'nen combustion 
occurs ral)idly an explosion results. ~hus ·"4.Illess suitable i::recaution: 
are ta.ken, a fla.mnable mixture is possible in a r:ycirogen wind tunnel 
during soir.e stage of operation and. any source of igni ticn could. tl'!en 
cause serious trouble. :Oecause :1yirogen is a highly combustable 
substance, the wind tunnel designer and tec:rmician should be familiar 
with the combustion of hydroger... T:ae follow'"ing discussion serves only 
as an introduction to ti:1is subject and in the event that a ::1ycirogen 
wind tunnel is constructed, t:ie c.esigner should refer tc specific 
details in other sources, for exar.ple, reference 25. 
vi'hen nydrogen a.'1d air are burned. the reaction is 
(7.10) 
Ti:1is is the stoichio~etric mixture of thirty percent hycirogen by volume 
which when burned uses up all. of the oxygen in the air. The neat of 
combustion comrerts tie water to stea.t1 and raises the temperature cf 
the resul tir.g mixtw-e. i·:i1en this occurs in a closed vclun.e, the 
temperature increases fro~ to r .1.2 anu the nunber of moles 
cl1anges from n
1 
to n2 causing a pressure change of 
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'.i:he abcve equation assUI::1.es an adiabatic precess, uniforn ten::;,erature 
distribution ti:iroughout t:r..e :mixture, anc. negligible dissociation.of 
the co~bustion products, resulting in a higier calculated pressure 
than actually occurs. 
It is recommenc"l.ed. tnat a...-i.y wi:r..d tunnel designed. to use hyd.rogen 
as the test gas be constructed so that if ti::e hydrogen is to be 
discharged into the atmosphere, it could be burneci. unc.er controlled 
conditions. The principle is the sa~e as that used in oil refineries 
where combustable gases are burned ratner tha:r.. allowed to accUI?;.ulate. 
Several safety codes, such as referer:ces 26, 27, and. 28, exist 
which could be of help ciuring the design of a hydrogen wind tunr.el and 
auxiliary equipment. Generally, the building in which the wind tunnel 
is contained should have: 1) a vent systen for the apparatus, 2) ade-
quate ventilatior., 3) a.~ adequate electrical grounding system, and 
4) r.o pockets near ti1e ceiling which could trap hyci.rogen. 
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CHJ:.PS:ER VII I 
C0l;CLuSIOi:iS 
A theoretical analysis to determine the suitability cf hydrogen 
as a cryogenic wind. tunnel test gas nas been made. The ~ajor 
conclusions to be drawn from the analysis a.re as follows: 
1. A wind tunnel using cryogenic hydrogen, instead of air or 
cryogenic nitrogen, as the test gas will have a significant 
increase in test Re;ynolds nu.."l;.ber wi ti1ou.t increasing the 
aerod~"!lamic loads. 
2. The theoretical saturation boundary for paral1ycirogen is .,.,,.-ell 
definec.. Therefore, e:ny possible effects caused by the 
liq_uefaction of t:i:1e test gas can easily be avoided ~rovided 
that the m.a.ximum local I,Iach number on ti1e model is known. 
3, Ti.1e relatively high value of the characteristic rotational 
~em~erature causes the behavior of nydrogen, under cryogenic 
conditions, to differ substantially from. t1:e benavior of an 
ideal c.iatomic gas when considering the co~pressible flow 
regine. Therefore, if it is essential to model an ideal 
diat.omic gas, cryogenic hyd.rogen is unacceptable as a wind 
tunnel test gas in compressible flow situa~ions. Consequently, 
a cryogenic hydrogen wind tunnel would not 9r0Yide an adeo_uate 
simulation of transonic and supersonic flow situations in 
ambient air. 
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4. At low Mach numbers, where the assumption of incompressibility 
is valid, the deviations in the isentropic flow parameters for 
cryogenic parahydrogen from the ideal diatomic gas values are 
negligible. Thus, in the incompressible flow regime, 
cryogenic hydrogen is an acceptable test gas. Consequently, 
a cryogenic hydrogen wind tunnel would provide an adequate 
simulation of incompressible flow situations in ambient a~r. 
5, A cryogenic hydrogen wine. tunnel requires more power to 
operate than a cr-Jogenic nitrogen wind t'L:.!lnel. .zl..lthoug:-a a 
snaller size cryogenic hydrogen wind. tunnel ma:,- c,e designed 
because of t:C1e P.e~rr,clds mur,ber advar:tage of hycirogen, n:ore 
:9ower is rec_ri...irea. to produce lig_uefied r1ydxogen tha.'1 is 
required to produce lig_uefied 1-:.i troge!l. •:::.is dif:::~erence· · in 
the liquefaction :;io•,rer req_uire~ents results in the above 
conclusion. 
6. In tl1e event that a wind. tunnel is cons-cruc-ced w'r.ich wo.....id. u.Q 0 
hydroe;;er. as a test 5as, faaterials con:pati"ole with h:;o.rogen 
~ust be used exclusivel~r to avoid possible prcble~s as a 
result of e:cposure to gaseous hydrogen. 
7. Alt:1ough hydrogen is a l:ighl;7 co:mbustable gas, safety coc.es 
exist which, when followed., .lini:wi=e the risk involved in 
handling hydrogen. 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
64 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
65 
.L. J::..eppe, Richard R.; O'Laugr1lin, 3. D.; and. Celniker, Leo: :Tew Aeronautical ?acilities -- We ~reed '.i:cen :fow. .Astronau~. & Aeronaut., Vol. 6, no. 3, :,1ar. 1965, pp. 42-54, 
2. Poisson-Quinton, Philippe: Fron: 1·iind 'Iunnel to Flight, the Role Of the Laboratory in Aerospace ~esign. J. Aircraft, vol. 5, no. 3, :·.ray-June 1968, pp. 193-214. 
3, Adcock, Jerry B.; Kilgore, licbert .A.; a.r:d. Ray, Zc:wara. J.: Cryogenic ifi trogen as a '.!.'ransonic Wine;, ':i.mnel Test Gas. AI.AA Pa:9er :To. 75-143, Jan. 1975, 










Cambridge University Press, London, 1935. 
Sonntag, R. E.; anu Van Wylen, G. J.: 
T:O.ernodynamics. John ~-iiley ~ Sons, 
Fur..dru;1entaJ.s of Statistical 
I21c. , ] e-:..- York, 1966. 
i·leoer, :i::.. A. : T::!ernoc:.:,11Hm.ic and. Related. Prop:::rties of Para::ydrogen From the '.i::riple Point to 300 :i·~ at Pressures to 1000 3ar. 3.ASA SP-3088, 1975, 
:Iccarty, R. D.; and Weber, L. A.: Tl1ermophysical Properties of Parahydrogen From the Freezing Line to 5000 R for Pressures to 10000 psia. I•;at. 3ur. Stand. Tech. :i:Icte 617, 1972. 
Roder, ::::. Ii!.; Weber, i. • .A.; and Gocdwin, n. D.: 'I'herJ'!'l.odynamic and Related Properties of Pare.hydrogen Fro:r:i. tl::e Triple Point to 100 K at Pressures to 340 At:r:1osp.neres. i:at. Bur. Stand. Monograph 94, 1965. 
McCarty, R. D.: A Modified Benedict-Webb-Rubin Equation of State for Pare.hydrogen. Nat. Bur. Stand. IJBSIR 74-357, 1974. 
Roder, H. 11.; McCarty, R. D.; and Hall, W. J.: Computer Prograr:s for Thermodynamic and Transport Properties of Hydrogen (Tabcode-II). Nat. Bur. Stand. Tech. Note 625, 1972, 
McCarty, R. D.: Hydrogen Technological Survey-Therr:;,op:O.ysical Pro:perties. ~ASA SP-3089, 
Vincenti, W. G.; and Kruger, C.H.: Introduction to Physical Gas Dyna.mies. Robert I.:. i{rieger Publishing Com:pany, Huntington, Hew York, 1975, 
I-:ilgore, Robert A.. : The Cryogenic Wind Tunnel fer Eigh Reynolds ~:umber Testing. Ph.D. Thesis, The Universit:-r of Southa.n;.pton, 1974. (Available as i:IAS.A TM X-70207.) 
Eaut, R. C.; and Adcock, Jerry E.: Tables of Isentropic Expansions of Pare.hydrogen and Related Transport Properties for Total Temperatures From 25 K to 300 Kand for Total Pressures From 1 atm to 10 atm. NASA TM X-72826, 1976. 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
66 
15. Woolley, F.arold '.'1. ; and :Benedict, William S. : Generalized Tables of Corrections to 'l'hermod:rnamic Properties for lfonpolar Gases. UACA ~i 3272, 1956. 
16. Adcock, Jerry B.: Real-Gas Effects Associated with One-Dimensional Transonic Flow of Cryogenic lii trogen. :U,.SA T::J D-8274, 1976. 
17. Haut, R. C. ; and Adcock, Jerry B. : Prandtl-Meyer Flow- ':'ables for Parahydrogen at Total Temperatures From 30 K to 290 ~ and For i.'iitrogen at Total r.I'em:peratures From 100 r: to 300 K at Total Pressures From l atm to 10 atm. :iJASA 'i:':11X-73932, 1976. 
lo. Haut, R. C.; and Adcock, Jerry B.: Steady Ifo:rnal Shock Wave Solution Tables of Parahydrogen for Total Temperatures From 30 K to 290 K and for Total Pressures from 1 atm to 10 at:c. ;;,iASA THX-73699, 1976. 
19. Computer program cieveloped and ru..'1 by Er. R. Cuffel, Jet Propulsion Laboratory (1Io :publication available). 
20. U.S. Standard Atmosphere, 1962. Prepared. 1.,ncier sponsorship of the National Aeronautics and Space Administration, the U!lited States Air Force, and the United States Weather Bureau. 
21. Liepn:ann, H. ~i.; and 3os:b.ko, A.: Elements of Gasd:-,'!la.::i.ics. Joru1 Wiley & Sons, Inc. , liew York, 1957. 
22. Adcock, Jerry i3. and Ogburn, I,:arilyn E.: Power Calculations for Isentropic Compressions of Cryogenic ITitrogen. HAS.A TM X-73903, 1976. 
23, Jacobs, R. B.: Liquid Requirements for Cool-Down of Cr;rogenic Equipment. Advances in Cryogenic Engineering, vcl. 6, Plen,.;n Press, 1963. 
24. Haselden, G. G.: Cryogenic Fu~da.mentals. Academic Press, London, 1971, 
25. Hernandez, H. P.: Designing for Safety in Hydrogen Bubble Chambers Advances in Cryogenic Engineering, vol. 2, Plenum Press, 1956. 
26. jfational Fire Protection Agency: National Fire Codes, vol. 4, 1975, pages 50A-l tarough 50B-16. 
27, Eernandez, E. P.: A Review of Li~~id-Eydrogen Safety for Research Equipment. Advances in Cryogenic E~gineering, vol. 12, Plenum Press, 1966. 
28. Hord, J.: Is Hydrogen Safe? Nat. Bur. Stand. Tech, l-Icte 690, 1976. 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
,I 
APPENDICES 





1, Ortho- and parahydrogen .•• , •• 
2, Composition of e~uilibriur. hydrogen 
3, Characteristic rotational temperature influence range 
as illustrated by the rotational partition :f'unction. 
4. Theoretical saturation boundary of parahydrogen for 
different maximum local Mach nun:.bers. • , , . 
5. Compressibility factor, Z, for parahydrogen , 
6. Specific heat ratio, C /C , for parahydrogen at a p V 
pressure of one atmosphere, 
7. Viscosity, n, for parahydrogen. 
8. Thermal. conductivity, k, for parahydrogen. 
Q Prandtl number, Pr, for para.b.ydrogen. . . .,, . 
10. Reynolds number per meter for air, nitrogen, and 
hydrogen at various total conditions. . . . 
11. Reynolds number per meter comparison between hydrogen and 
nitrogen at a free stream Mach number of 1. 0 and a total 
pressure of one atmosphere, , ••• 
12. Reynolds number restrictions due to theoretical 
saturation boundaries at a free stream Mach number 
of 1.0 for hydrogen. 













Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
FIGURE 
PAGE 
14. Isentropic expansion coefficient,~' for expansions 
of parahydrogen to a Mach m.u::iber of 2. 0 at a total 
pressure of one atmosphere .••• 
15. Pressure ratios for the isentropic expansion of para-
hydrogen to a Mach number of 1. 0 relative to the 
ideal diatomic gas value •• 
16. Pressure ratios for the isentropic expansion of 
parahydrogen to various Mach numbers at a total 
temperature of 40 K, relative to the ideal 
diatomic gas value •• 
17. Temperature ratios for the isentropic expansion of 
para.hydrogen to a Mach number of 1. 0 relative to the 
ideal diatomic gas value. . . . . . . . . . . . 
18. Temperature ratios for the isentropic expansion of 
para.hydrogen to various .Mach numbers, relative to 
the ideal diatomic gas value 
19. Density ratios for the isentropic expansion of 
parahydrogen to a Mach number of 1. 0 relative -co 
the ideal diatomic gas value .• 
20. Density ratios for the isentropic expansion of 
parahydrogen to various Mach numbers, relative to the 
ideal diatomic gas value •• 
21. Isentrcpic stream-tube area ratios for the isentropic 
expansion of para.hydrogen to various Hach numbers 








Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
70 
FIGURE PAGE 
22. Isentropic strea.I:J.-tube area ratio for parahydrogen 
relative to the ideaJ. diatomic gas value • 
23. Prandtl-Meyer flow over a convex waJ.l 
24. Velocity change across a weak expa....-1sion wave (Mach 
line) 
25. Computer program flow chart for t:r..e Prandtl-Meyer 
flow solution. . 
26. lfach number deviation as a function of total 
temperature for Prandtl-Meyer expansions from a Mach 
num.ber of 1.0 through angles of 5 and 25 degrees in 
para.hydrogen •••••••• 
27. Standing nor~aJ. shock wave •• 
28. Computer program flow chart for the norr:1al shock wave 
solution . . . . 
29. Static pressure ratio across a normal shock wave in 
pa.rahydrogen relative to an ideal diatomic gas for 
an upstrear.i. Mach number of 2. 0 • • • • • 
30. Static temperature r.atio across a normal shock wave 
in para.hydrogen relative to an ideal diatomic gas 
for an upstream !1ach number of 2. 0 • 
31. Static density ratio a.cross a normal shock ,rave in 
parahydrogen relative to an ideal diatomic gas for 
an upstream Hach number of 2. 0 
32. Static pressure ratio across a ncrmal shock wave in 
parahydrogen relative to an ideaJ. diatortlc gas for an 















33, Static temperature ratio across a normal shock wave·in 
parahydrogen relative to an ideal diatomic gas for an 
upstream total pressure of one atmosphere •.. 
34, Static density ratio across a norn.al shock wave in 
parahydrogen relative to an ideal diatomic gas for 
an upstream total pressure of one atmosphere. 
35. Mach mmber dm-mstream of a norn:.al shock wave in 
para.~ydrogen relative to an ideal diatomic gas for 
an upstream I.(a_ch number of 2. 0 
36. Total pressure ratio across a nol"!tal shock wave in 
parahydrogen relative to an ideal diatoreic gas for 
an upstream lfach nunber of 2. 0 
37, Total temperature ratio across a normal shock wave in 
parahydrogen relative to an ideal diatomic gas for an 
upstream Mach number of 2.0 
38. Total density ratio across a normal shock wave in 
parahydrogen relative to an ideal diatomic gas fer 
an u:i;:strea.m :.fach ntlilber of 2. 0. • 
39, ~otal pressure ratio across a normal shock wave in 
parahydrogen relative to an ideal diatomic gas for a.~ 
upstre&1 total pressure cf one atmosphere .. 
40. Total temperature ratio across a normal shock wave in 
parahydrogen relative to a.~ ideal diatomic gas for an 









Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
72 
FICUF.E 
41. ~otal density ratio across a normal shock wave in 
parahydrogen relative to an ideal diatomic gas for 
an upstream total pressure of one atmosphere. 
42. Ideal diatomic gas flow tnrough tl::e diverging section 
of a !'•1ach 2. 0 nozzle • • . 
43. Deviations of paral:ydrogen frore the ideal diatomic gas 
for the one-diuensional, inviscid, isentropic flow 
through the diverging section of a Hach 2.0 nozzle at 
total conditions of 45 ~ and one atmosphere •.•. 
44. Mach number distribution and nozzle flow ratios for 
the one-dimensional, inviscid flow tl1rougl:: the 
diverging section of a nozzle with a nornal shock 
occurring at a Mach number of 1.3 at upstream. total 
conditions of 45 Kand one atnosphere •. 
. . . 
45. Mach nunber di~tribution and nozzle flow ratios for the 
one-di~ensional, inviscid flow thro~gh the diverging 
section of a nozzle with a normal shock occurring at 
a Mach number of 1. 8 at upstream total ccndi t ions of 
45 Kand one at!l!osphere 





Diamond airfoil geometry • • • 
Obliq_ue shock wave solution for the hydrogen case •. 
.Analytics.l model of a wind tunnel. . . . • 
Hydrogen wind tunnel power req_uire::nents as a function 












Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
73 
51. Hydrogen wind tunnel power requirements •••. 
52. !:eat absorbing cap~city of liquid parahydrcgen. 
Liquid initially at a pressure of one atmospr.ere 













ission of the copyright ow
ner.  F










250 50 100 150 200 250 300 TEMPERATURE. K 






ission of the copyright ow
ner.  F
urther reproduction prohibited w
ithout perm
ission.
l.0-1 ----:;l ___ _
192_!__ o. s 2 n Or 





4 Qrot, para 
50 100 150 200 
TEMPERATURE, T, K 
250 







ission of the copyright ow
ner.  F
















1 2 3 4 









I•'igw·i~ !1. 'l'heoreLical saturuLion umm<lary of pural1ydrot:en for clif·ferent rnaximwu 






ission of the copyright ow
ner.  F












o. 880 50 100 150 200 250 300 
TEMPERATURE, T, K 






ission of the copyright ow
ner.  F











I ~ 1.4 
1. j 
12------'----~-----~--~~---------. 0 50 100 150 200 250 300 
Fir;urc G. 0pec:i.1'ic lteal. ratio, 
1:1.twospllcre. 
C /C , p V 
TEMPERATURE, T, K 






ission of the copyright ow
ner.  F
urther reproduction prohibited w
ithout perm
ission.













50 100 150 200 
TEMPERATURE, T, K 







ission of the copyright ow
ner.  F
urther reproduction prohibited w
ithout perm
ission.
200 X 10-3 
150 
THERMAL 







50 100 150 
TEMPERATURE, T, K 
F'igm·e G. 'l'hermal conductivity, k, fo1· parahycJro~en. 





ission of the copyright ow
ner.  F












PRESSURE, P, atm 
5 
50 100 150 
TEMPERATURE, T, K 
l•'igure 9. Prandtl nwnLer ~ Pr, for parahyu.rogen. 
200 250 300 
cu 
I\) 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
83 




0.01 0.05 0.10 
MACH NUMBER, M 
/ /" 
0.50 





ission of the copyright ow
ner.  F
urther reproduction prohibited w
ithout perm
ission.








50 ' -- ---'-----------
00 50 · 100 150 200 250 
TOTAL TEMPERATURE, Tt, K 







ission of the copyright ow
ner.  F


















TOTAL PRESSURE, Pt, atm 
50 100 150 200 
TOTAL TEMPERATURE, Tt. K 
250 300 
l1'igure 12. Heynolds Illllnuer restrictions tlue to theoretical saturc.1.tion boundaries 
at a free streaiu Mach number of 1. 0. 
co 
\.fl 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
,,.., 
86 
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.iT* = ~T*/2 
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Yes 
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6 No 




A* = 1/(p*c*) 
©-- Iterate Mach number, 1\\ 8 
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Assume T, j.T 
Using subprogram !SENT 10 
calculate H, P, c, pat 
T = T - ~T 
constant St t 
~T = ~T/2 
11 
M = (2(H - H))l/2/c 
YES 
M <Mi? t . 
No 
12 




Figure 13. Coi::!:puter IJrogra.':l flow cnarts for t!:e 
isentropic flow solution. 
T"' = T* + .iT* 
T = T + .iT 
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Figure 2!1. Velocj_ty change across a weak expansion wave (Mach line). 
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I-' Sa, Ha, Sb, Hb, 
Hta == Ht Htb = Ht 
Io'ir:;ure 2'(. t\tanding normal nhock. wave. 
Reproduced with permission of the copyright owner.  Further reproduction prohibited without permission.
102 
_____________ 1 
E _ _,..,. 
Input upstream total 
~emperature and pressure 
Tta' Pta 
Using subprogram THERMO 
calculate total conditions 
Ht, Sta' Pta 
2 
3 
D Iterate upstreamMach number i--_...i Ma· 
C 
______ ..._ _____ 4 
Assume Ta, t.Ta 
Using subprogram !SENT 
calculate Pa' Ha, ca, Pa 
at constant Sta 
5 
------;:.-=,.-::..-::..-::..-::..-=,.---- 6 
-------------,,--~ 7 I (Ma-Mai)/Mad ~ 10-6? 
No 
Yes 
_____ A_s_s_u_.~_1e_p_b ___ __, 8 
.....--------,-----~ 9 
Pb=P a+PaM!i c! (1-Pa/pb) 
Hb=Ha+M! c! (l-P!/p~)/2 
~-------'------,10 
-------------.11 Using subprogram THERMO 
calculate p~, H~, 
stb' Cb at Tb, Pb 
I 
@ 
T = T - ~T a a a 
Yes 
Ma< Mai? .__ ______ No 
No 
Figure 28. Computer p:::-ograr. flow cl:art for tr..e 
norr'.lal s:hock wave solution. 
Yes 
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12 ~ B No j(Hb-H~)/Hbj~ 10-3? 
Yes Pb = (pb + p~)/2 
13 
j(pb-pb)/pbj .S: 10- 3? No 
Yes 
14 
Mbi = ✓ 2(HCHb)/cb 
15 
Assume Ttb' ilTtb 
16 Using subprogram ISENT Ttb = Ttb - Ttb 
calculate P tb' Htb 
at constant Stb 
17 
llTtb = ~Tu/2 Ttb = Ttb + ilTtb 








Calculate real gas 
and ideal gas ratios 
to be printed 
I lw @,No I Last Mai? 
I Yes 
Print ~alues I 
21 








ission of the copyright ow
ner.  F


















o. 960 50 100 150 200 · 250 300 
Tt , K ,a 







ission of the copyright ow
ner.  F















50 100 150 200 250 300 
Tt , K ,a 







ission of the copyright ow
ner.  F






Pb 0. 97 -
Pa 
0.94 








50 100 150 
Tt , K ,a 
200 250 








ission of the copyright ow
ner.  F













IJ \ Ma p 
a 1.06 
/ .... 








l. 7-_,,, .. · ·. 
14
.. . .... •········· ··.. \ . ·················· . ·.. \ 
50 100 150 












ission of the copyright ow
ner.  F












2.0 - - -
1.7--
I. 4 ············ .. ················• ... 
·• .. ·· .. 
1.00------------....--------------
······················ ------
0.940 50 100 150 200 250 300 
Tt , K ,a 







ission of the copyright ow
ner.  F




l. 03 ---------------.. y··················· ····················-····················· Pb 1.00 
-











50 100 150 200 250 
Tt a' K 
I 
i•'ir;ure 3l1. fltatic density ratio across a normal shocl: uavc in parahyclrogen 








ission of the copyright ow
ner.  F














0.960 50 100 150 200 250 
Tt a , K , 
I•'igure 3'.;i. Mach number dmnrntream of a normal chocl~ ·wave in parahydror;en relative 








ission of the copyright ow
ner.  F




Pt , atm ,a 
10 " 













o. 960 50 100 150 200 250 300 
Tt , K ,a 







ission of the copyright ow
ner.  F



















o. 970 O 50 100 150 200 250 300 
Tt , K ,a 
Jt'ir-;urc 3T. 'i'otal tcrnperatu1·t: ratio across n normal sl1uck wave j 11 parahyd:roe:en 







ission of the copyright ow
ner.  F


















0.98 '~ ~ 
::::--
0.96---------------"'----'""------'-------' 0 ~ ~ ~ ~ ~ -~ 
Tt a' K , 
1"igurt) 3ll. 'i'otal dr~risj t:y ratic, acros::: a uorwaJ. shc,cL vave in parailyllrogen re] ati ve 







ission of the copyright ow
ner.  F










t, a 1.1---......... 
~ 
1.02 
' ~ 1. 4 ········································· '\ \ ... , ········· "·································•,....c.'.'.'.'. ... ..,...
real 
1. 001 ····· ·····-' \ -················ ---- -
-ideal 0.98 
0.96•1.-----'-----~------------i.----'----~ 0 ~ ~ ~ ~ ~ ~ 
Tt , K ,a 







ission of the copyright ow
ner.  F







Ma l.4··r··~ 1.7/ 
2. 0 
T 





0.9700 50 100 150 
Tt , K ,a 
200 250 








ission of the copyright ow
ner.  F





1. 06 2. 0 
1.04 
Pt, b 
Pt a 1.02 
1 1. 7 . ------"" 
1. 4 
. ··········· 
l.OOlr---- . - ___ _:_:~---.:-~"~~~\~----· ·• .... \ .. \ -••••• •••••••••••· I •n•pe 




o. 960 50 100 150 200 250 300 
Tt , K ,a 







ission of the copyright ow
ner.  F

















0. 8 0.9 








ission of the copyright ow
ner.  F








0.4~ "' ~ 
0. 2~ 
00 0.1 0.2 
Figure 11~2. Concluded. 
~ 
0.3 0.4 0.5 
X/L 
0.6 0.7 0.8 
T/Tt 








ission of the copyright ow
ner.  F











ideal 0. 8 
0.10 0.1 0.2 0.3 0.4 0.5 
X/L 
0.6 0.7 0.8 0.9 
li'igure l13. Deviations of parahyclrogen from the ideal diatomic r.;as for the one-
J.ir.1ens:ional, invjsd.d, isentropic flow throur;lt the diverr;ing section of a Hach ~~.O 
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= 1 atm 
- - - ideal diatomic gas 
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----ideal diatomic gas 
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Figure 4h. ;.Jach ntun."ber a.istribution anci. nozzle flew ratios 
for the one-ciiru.ensicnal, ir.viscid. flo~•r -:::rot:.b!l tr.:.e diverc;-
iEg section of a nozzle witl-: a normal shock occurring e.t a 
:v:ach number of 1.3 at upstream total conditions of 45 r: 
and. one atmos~here. 
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Figure 45. ~,Is.er;. r.•.1i--::be:- c.istribution and nozzle flew ratics for the one-dimensionc.l, ir.::viscid. f:-t.ow tr.lr'ougn the diverg-
il'!g section of a nozzle with a normal shod~ occurring at a 
i!ach nU!!'J.cer of 1. 8 at u:pstrea.m total conditions of 45 K 
and one at~osphere. 
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Figure ~ 13. Oblique shock wave solution for tlle hydrogen case. 
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Figure 119. Analytical model of a wind tunnel. 
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Figure 51. r.ydrogen wind tunnel pc~er requirements. 
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PRESSURE OF GAS 
AT END OF 
HEAT ABSORB ING PROCESS, atm 
lOO O 50 100 150 200 250 300 
TEMPERATURE OF GAS AT END OF HEAT ABSORBING PROCESS, K 
Figure 52. Heat acsorbing capacity of liquid parahydrogen. 
Liquid initial at a pressure of one atmosphere and a 
temperature of 20.268 K. 






Diamond-shaped airfoil results. 
II. Fan pressure ratio necessary to achieve a given test 
section Mach number ..••.• 
III. Wind tunnel requirements for various test gases at 
free stream saturation •••••••••. 
IV. Wind tunnel requirements for irarious test gases at 
a free stream Mach number of 1.0, a Reynolds number 
6 of 50 x 10 , a total pressure of 2.5 atmospheres, 
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M 1 <P CY. 
ideal 
1.3 30 lo 0.159 
1.5 30 lo 0.123 
1.5 50 lo 0.127 
1.5 co :;; 40 0.523 
1.7 30 lo 0.101 
1.7 50 lo O.J.00 
l.r{ 50 40 o.418 




0.170 6.49% o. 0131~ 
0.127 3.18% 0.0098 
0.134 5.15% 0.0276 
0.556 6.33% 0.0287 
0.102 0. 81~£ 0.0081 
0.110 10.07% 0.0223 
o.li27 2.16% 0.0228 
0.128 7.12% 0.0928 
'11ABLE I. 
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Test Section Fan 














Fan pressure ratio necessary to achieve 
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AIR IHTROGEN HYDHOG~'..N 
at 300 K at free stream saturation at free stream saturation 
test test drive test drive Reynolds pt, section pt, section power Pt, section power number atm area, atm area, relative atm area, relative 2 2 to air 2 to air 
m m 
m 
6 2.5 173 2.5 9 0.052 2.5 0.73 0.011 50xl0 
16.7 4 3.5 4 0.210 1.2 4 0.189 
25xl0
6 2.0 155 2.0 4.6 0.030 2.0 0.72 0.012 
12.5 4 2.2 4 0.176 0.2 4 0.042 
6 1.0 76l~ l.O 16.2 0.021 1.0 1.li 0.005 6xl0 
57.6 4 2.3 t, 0.040 0.1 t~ 0.005 
'l'ABLE III. 
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Mass Flow rate, 
Power, MW Test m, kg/sec 
£, Tt, section 
MW-sec/kg K area, test LN2 or drive LN2 or LH2 2 section LII2 fan production m 
- 300 173 103,600 - 777 -
3.5 105 9 9,090 91 23 318 
65 30 1.2 655 16 8.5 1040 
TABLE IV. 
Wind tunnel requirements for various test gases at a free stream Mach number 
of 1.0, a Reynolds number of 50 x 106 , a total pressure of 2.5 atmospheres, 
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APPENDIX C 
Fixed Point Properties of Parahydrogen 
Below is a SUI!l!Ilary, taken from reference 11, of the P-p-T data at 
selected fixed points for parahydrogen. 
Critical Point 
T = 32,976 :!:_ 0,05 K 
P = 12.759 at::n 
p = 31. 43 kg/m3 
Nor:n:.al Boiling Point 
T = 20,268 K 
P = 1 atrn 
p(liquid) = 70,73 kg/m3 
p(vapor) = 1,338 kg/m3 
Triple Point 
T = 13,803?:: 
P = 0.0695 atm 
p(solid) = 86.50 kg/m3 
p(liquid) = 77.03 kg/m3 
p(vapor) = 0.126 kg/m3 




One equation of state for parahydrogen is given in terms of the 
virial coefficients. The virial coefficients are commonly defined as 
2 P = RTp[l + 3(T)p + c(T)p + ••• J (D.l) 
where B(T) and C(T) are virial coefficients of a power series 
expansion in density. E~uation D.l adequately describes the P-p-T 
surface for densities up to about one-half of critical. Reference 11 
gives B(T) and C(T) as: 
where 
For temperatures below 100 K 
bl= 1.9397741 x 103 
6 b3 = -2.2890051 x 10 
For T < 55 K 
b2 = -1.9279522 X 10
5 
b4 = 1.1094088 x 101 
(D. 2) 
(D. 3) 
where there are two sets of the c. coefficients. One for temperatures 
l. 
below T = 32,95 K 
C 
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= 1.0431411 X 109 
11 c
5 
= 5,14Q5848 X 10 
138 
c2 = -1.6597141 X 10
7 
10 C4 = -3.2538718 X 10 
12 C6 = -3.3123453 X 10 
and a second set for temperatures between T and 55 K, 
C 
cl= 1.697~294 x 103 




= 1.0789413 X 10 
For 55 < T < 100 
C(T) 
where 
a1 = 388.682 
a3 = -0.6 
a5 = 4.o 
For temperatures above 100 K 
c
2 = -5.0854223 X 10
5 
c4 = -3.8045171 X 109 
C~ = -1.1515642 X 1012 0 
a2 = 45.5 
a 4 = 20.0 
B(T) ~ (2i-4)/4 = L... b.x 
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bl = 42.464 b2 = -37.1172 
b3 = -2.2982 b4 = -3.0484 
x1 = 109.781/T x2 = 20.615/T 
C = 1310.5 cl = 2.1486 0 
For equations D.2 through D.6 the units of temperature, T, is Kelvin, 
the units of B(T) are cm3/mole and the units of C(T) 
(cm3 /mole)2• 
are 
The uncertainty of B(T) is a maximum of about five percent at 
the highest and lowest temperatures. The uncertainty of C(T) is a 
minim1.lI!l of around five percent between 55 and 100 Kand as much as 
approximately twenty percent for temperatures below the critical 
temperature. 
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APPENDIX E 
Latent Heat of Vaporization 
The latent heat of vaporization is the amount of heat required to 
convert a unit mass of a substance from the liquid state to the vapor 
state at a constant pressure and may easily be obtained by subtracting 
the liquid enthalpy from the enthalpy of the vapor at the same 
temperature and pressure. From reference 11, the latent heat of 
vaporization for parahydrogen ranges from 448.2 Joules/gram at the 
triple point to 445,5 Joules/gram at the normal boiling point to 0 
Joules/gram at the critical point. The uncertainty in tJ::ese values 
is esti!t.ated to be 1.2 Joules/gram. 
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APPENDIX F 
Themal Ccr.ductivity of ?arahydrogen 
The thermal conductivity coefficier.t relates the transfer of heat 
through a material via molecular interaction caused cy a temperature 
gradient across the material. ~hat is 
q = -}~ grad m (F.l) 
where q is the heat flux, grad Tis the temperature gradient and k 
is the thermal conductivity coefficient. 
One of the most popular methods of correlating thermal cor.ductivity, 
for example reference 11, is tc separate the property intc a nU!l'lber of 
additive parts 
(F.2) 
where k (T) is the dilute gas contrioution (a function of "'c.er.',perature 0 
only, kE(p,T) is the excess function, and k (p,T) gives the 
C 
enhancement due to the critical point behavior. 
The thermal conductivity of a'gas may also be expressed in terms 
of its specific heat at consta.~t volu.~e, C , its viscosity coefficient, V 
n, and its molecular weight,:-\ .. , by 
(F. 3) 
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where the factor k1 allows for the fact that the mean energy of the 
molecules appears larger as the molecules :possessing large a.mounts of 
kinetic energy travel faster and thus transfer t~eir energy·nore 
rapidly. Wr..en the molecules possess only translational kinetic 
energy (i.e. in the case of hydrogen at tem:peratures less than 50 K) 
k1 is equal to 2.5. If the rotational ~inetic energy is completely 
available (i.e. for hydrogen above 300 K) then 
In reference 4, Farkas gives an approximation of 




is eq_ual to 1. 9. 
as 
(F.4) 
·where R is tne gas constant. Tr.ere fore, the themal cond.ucti vi ty 
coefficient is given as 
(2.25 R + C )n 
V 
k = --------y 
--w 
(F. 5) 
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AFPE?II) IX G 
Viscosity of Parahydrogen 
~he viscosity of a fluid may be separated into two additive parts 
(G.l) 
where n (T) is the dilute gas contribution and n-(p,T) is the 0 .t!. 
excess or dense gas contribution and is a strong function of density. 
In the lower temperature range of T < 100 IC, reference 7 gives 
where 





a2 = 19.55 
a.4 = 1175.9 
and. for the excess Yiscosity contribution 
where 
(Alp+ A2p2 + A3p3) 6 
A( p) = ---------'------ x 10-
(1. 0 + A
4
1P + A-P2 + A~p3) 
) 0 
( G. 2) 
( G. 3) 
( ~ \. ) l.r.4 
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~ = 306.4636 A2 = -3350.622-:,.1 
A3 = 38680.92 A4 = -18.4783 
A5 = 110.915 A6 = 25,3524 
and 
f b7 b2 l [B4(p/B2)b3] ( G. 5) 3 = B + 3. (p/B2) - - (p/32) + B3 exp 0 .L 
BO = 10.0 El = 7.2 
B2 = 0.07 B3 = -17.63 
B4 = -58,75 ,._ "l = 6.o 
b2 = 1.5 b3 = 3.0 
For equations G.2 through G.5, t:i:ie temperature,':', is in 1·:elvin, the 
density, p, is in g/cm3 , and the viscosity n, is in g/(c:m-sec). 
The uncertainty in the lower temperature range, using ti.1e above 
formula, is estimated in reference 7 to be ap?roximately one-half 
percer.t and increases to about ten percent if the same formula is 
used for temperatures up to 300 K. 
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APPEillIX H 
Vapor Pressure for Parahydrogen 
The vapor pressure is the pressure, as a function of temperature, 
of a liquid in equilibrium with its own vapor. For parahydrogen, from 
reference 6, 
"D 
P = lO·o + A
5 
(T-29) 3 + A6(T-29) 5 + A
7(T-29)
7 (.. ; ) rt • .J. 
where 
p = Al + 
P.2 
+ ,\ "" 0 T + A3 
..... 4 J. (H.2) 
and 
Al = 2.000620 A2 = -50.09708 
A3 = 1.0044 A4 = 1.748495 X 10-2 
\ 0 for 
T < 20 K - ,,,, .~ = ,n.5 _,, 
1.317 X 10 -' for 'I' > 29 !·~ 
IO for T < 29 K -A,. = 
0 
-5,926 10-5 for T > 29 :: X 
l O for 'I' < '"'O K - c,~ ·47 = /' 
3,913 X 10-o for T > 29 1: 
'Ihe units of pressure, p is atnospheres 1-,·hile tne units on tte . , 
temperat1.:.re, r, is r:elvin. J. ' 
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APPE:::urx I 
Specific Cooling Capacity of Farahydrogen 
~he specific cooling capacity is the a.t1ount of :1eat which ma~r be 
aosorbed by a u..-iit mass of parab.ydrogen in being •,raIT,ec. fron: storage 
conditions to tne final tunnel total conditions. In this investigation 
the assumption is made that the li~uid hydrogen is stored at 
atmospheric pressure. The lig_uid is then compressed to tl!e o:9erating 
pressure of the wind tunnel before being ir..jected into the tunnel 
circuit. Assuming the compressior. is isentropic and a.ssur::ing the 
vapori::ir.g and "rl'ar:::ling of the injected hydrogen ccc.u-s at a constant 
pressure, the syecific coolinG capacity, as given in figure 52, is 
cieter::n.ir..ed by 
specific cooling capacity -- flt ,.., d.S (I.l) 
w~ere I\ is the er.t!:lalpy at the tunnel total cond.i tions and r1
1 
is the enthalpy at the liquid initial coLditicns. 
where 
':he specific cooling capa.ci t~; for paranydrogen, in kJ /~~g, nay 
5 
specific cooling capacity= L 
i=O 
:-ri = ter::pera.t11re, 
(!.2) 
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p = :9ressure, at1T-.osphe:::-es 
ar..d tl::.e val--..:es of ,., .D. 
::.j 
a.re as :follm;s: 
102 
, 
;:,00 = 2.3362 X 3,..,1 = -2.6924 X 18.L . .,
1 
7.4355 -l ..:i, I"\ = 1.2591 :;;: 10- "Ci = :~ 10 .L . ., -11 
r, -~ 
:. ..... fi = .4035 =~ 10-c:. ~f"\, = -8.9004 X 10 --, C:.v c~ 
1. 
"(',-") 9.0181 10 -4 .... 5.2144 ·< = =~ = :{ ~3\J ..:,31 ~v 
-6 '7 3
40 
= -3.3958 X 10 3L~ = -1.4650 ): 10- 1 
" -10 4.2281 -~ 1. 5739 ..'.:)_" = Y.: 10 ,, 3 51 = :-: lC. ;:>i.., 
:SC2 = -1.969;, 
" ..., = 7 .1273 :;;: l~-c:. -12 
-9.684:: -h :i3 = X 10 22 
~ = 6.0474 :c lC-6 -32 
" ::, = -1.76c5 X .. ~-C, -42 .Lli 
1" .... = 1.9350 X 10--.L :=,~n 
")c:. 
':'he values of tl::.e specific cooli:1i;; capacity calculated fro?::. 
eq_uation I. 2 agree with the values calculated fror.1 equation T 1 -•-'-
generallj· ;.-i thin two percent fol" pressu:!.·es froi:: one to ter.. atruos}_)n.eres 
ar.d. for ter.:peratures from sat1...ration to 300 i:C. 
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